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Abstract: Because of the impact of lubrication on the efficiency and the lifecycle cost and emissions,
the lubricating-oil consumption (LOC) is one of the key indicators in the research and development
of internal combustion engines. State-of-the-art methods for LOC measurement are based on the
use of a certain tracer to track the oil consumption. However, all of the currently available tracers
have their downsides (e.g., the use of a radioactive tracer, corrosive emissions, etc.). Therefore, in
the course of this research project, a new tracer substance that is based on a stable nonradioactive
isotope of hydrogen—deuterium—was developed and tested thoroughly. The LOC is monitored
by a hydrogen/deuterium isotopic ration in the exhaust gas by using an isotopic water analyzer.
Tribologically important properties, such as the viscosity, stability, and compatibility of the tracer
were investigated by laboratory experiments by using several tools, such as infrared spectroscopy, gas
chromatography, thermogravimetry, etc. The properties relevant to the applicability of the method,
such as the accuracy and the reproducibility, were investigated by engine test-bench experiments.
Finally, long-term stability tests of the tracer were conducted with a field test.

Keywords: lubrication; oil consumption; tracer; deuterium; infrared spectrometry; gas chromatography

1. Introduction

The development of new materials and the design of smarter components are irre-
placeable parts for the future development of internal combustion engines towards lower
emissions, a lifecycle cost balance, and higher reliability. All of the new components and
new materials have to be validated and compared with accurate and relatable measure-
ments. Therefore, the development of accurate and reliable analytic methods plays a vital
role in future development [1,2].

Accurate online lube-oil-consumption measurement is considered to be a crucial
technology for the optimization of the engine operation. High oil consumption contributes
to the emissions of unburned hydrocarbons and small particles (soot), which are health
issues [3,4]. Furthermore, the sulfur-and-phosphorus-based compound that is contained in
lube oil poisons precious metals in aftertreatment catalysts, which lowers their service life.
The remaining oil droplets in the combustion chamber could cause combustion anomalies,
such as preignition, which result in the knocking of an engine [5-7].

On the other hand, sufficient lubrication is a critical factor in the efficiency and ro-
bustness of the engine. Higher efficiency due to lower friction, and a longer service life
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of the components due to lower wear, improve the lifecycle cost balance of the engine [8].
A reliable online oil-consumption method is a crucial tool for finding the sweet spot in
these contradictory phenomena. This is even more important for the implementation of
new alternative fuels, such as hydrogen and methanol or ammonia, where significantly
different fuel—oil interactions occur [9,10].

For online lube-oil-consumption measurement, several approaches have already been
developed. The detection principle, for all the methods, is based on measuring the concen-
tration of a specific substance “tracer” in the exhaust gas. These methods can be divided
into two groups: the first uses stable isotopes as the tracer, and the second uses radioactive
tracers. The radioactive tracer methods include the following: tritium (°H, T) (3~ decay,
t1/» = 12.32 years) [11,12], bromine (&Br) (B~ decay, t;/» = 35.30 h) [13], or germanium
(®Ge) (B* decay resulting in 7y ray, t;,, = 39.05 h) [14]. A huge advantage of radioactive
tracer methods is high accuracy, even under very low concentrations of the tracer. A low
concentration of the tracer is beneficial so as to not affect the physical and chemical proper-
ties of the lube oil with the addition of a huge amount of a different compound. On the
other hand, working with radioactive substances is a big health hazard for engine operators
and is strictly regulated. This leads to an extremely high cost for using radioactive tracers,
which prohibits wider use.

The second approach uses stable tracers: either naturally abundant substances in lube
oil, such as sulfur [15] and zinc [16], or the addition of a synthetic tracer with a unique
composition. The specific fingerprints of these tracers are detected in the exhaust gas.
Synthetic tracers can include the following: halogenated organic compounds (Cl, Br) [17],
barium salts [18], and many others. The disadvantage of this approach is the necessity of
adding significant amounts of tracer, which can influence the properties of the lube and
can cause other issues (for example, burned halogenated compounds cause the corrosion
of engine parts).

A method that is also worth mentioning uses the natural presence of sulfur in lube oil.
The sulfur compounds are oxidized to sulfur dioxide (SO;), which can then be detected
via mass or laser spectroscopy [15]. However, this method requires the use of sulfur-rich
oil. The origin of the sulfur is mostly from lube-oil additives, which are currently being
replaced with nonsulfur additives, which are mostly in synthetic and semisynthetic oils.
This leads to the very poor accuracy of this method.

The use of a stable, nonradioactive isotope of hydrogen (deuterium (*H, D)) as a tracer
provides the unique opportunity to use molecules of hydrocarbons, which are the basic
components of the lube oil, as a tracer. The hydrogen atoms in hydrocarbon molecules can
be exchanged for deuterium. This modification has a negligible effect on the physical and
chemical properties of the molecules.

The measurement principle is based on the determination of the deuterium concen-
tration in the exhaust gas. The combusted or evaporated deuterium-enriched lube oil is
carried with exhaust gas to the catalytic converter, where all of the unburned hydrocar-
bons are oxidized to water and carbon dioxide [19]. Then, the deuterium concentration
(hydrogen/deuterium ratio) is measured via an isotopic water analyser that is based on
cavity ring-down spectroscopy. The final lube-o0il consumption is recalculated from the
hydrogen/deuterium ratio and the mass balance (0il/fuel consumption) (Figure 1).

This method has already been successfully tested on a gasoline passenger car engine.
The test campaigns prove that an addition of 5 wt.% of the deuterium tracer to the lube oil
ensures a very accurate measurement of the lube-oil consumption [20,21].

The next chapters will guide the reader through the process of selecting a proper
deuterium tracer with minimal impact on the physical and chemical properties of the
lube oil.
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Figure 1. The schematic of online LOC measurement based on deuterium tracer.

2. Materials and Methods

This chapter will briefly introduce the reader to the method of the online measurement
of lube-oil consumption by using a deuterated tracer, and to the methods that are used in
its selection process.

2.1. Online Lube-Oil-Consumption Measurement

Oil consumption in an internal combustion engine is mainly caused by two processes.
The major path is oil evaporation. The evaporated oil is consequently carried by the exhaust
gas in the form of fog or small droplets. These contribute to the emissions of volatile organic
compounds (VOCs). The second path is the direct combustion of the lube oil into carbon
dioxide (COy), water (H0O), and small particles (soot) [22].

This novel method is based on measuring the ratio ('H/?H (D)) between the two
stable isotopes of hydrogen, protium (“hydrogen”) and deuterium, in the exhaust gas. The
average hydrogen/deuterium ratio, in nature, is 99.984 at% 'H to 0.0156 at% D. This ratio
remains within small fluctuations for all substances on the earth, including fuels and lubri-
cation oils. Increasing the deuterium (D, >H) concentration in the lubricating oil to 2—4 at%
(roughly 200 times higher compared to the natural abundance) enables a very accurate
measurement of the of lube-oil consumption. The evaporated or combusted deuterium-
enriched oil is carried to the catalyst as a part of the exhaust gas. The remaining oil droplets
are oxidized on the precious-metal-catalyst surface, together with unburned fuel. The fully
oxidized exhaust gas enters a cavity ring-down spectrometer (CRDS) Picarro—L2130-i
Isotope and Gas Concentration Analyzer, which determines the hydrogen/deuterium ratio.
The oil consumption is, afterwards, recalculated by setting up a mass balance, while taking
into account the contributions of the oil, fuel, and intake air humidity. The path of the
lubricating oil and the respective tracer, from the engine to the spectrometer, is depicted in
Figure 2.

The lube-oil-consumption method has already shown universal applicability in terms
of the engine size, fuel, and the combustion concept. The method showed good repro-
ducibility not only for stationary measurements, but also for the compilation of complete
engine-characteristic maps, as depicted in Figure 3.
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Figure 2. (a) The measurement device; (b) the respective flow schematic.
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Figure 3. Engine-characteristic map of lubricating-oil consumption.

This result was recorded on a 3-cylinder passenger car engine with a displacement of
1 L. The oil used was SAE 5W30 grade. Due to reasons of confidentiality, a more detailed
description of the test carrier is not possible at this point. For these experiments, the
reproducibility was within a range of 0.01-0.03 g/kWh for most of the operating range
(Figure 4). Only at part load was the maximum deviation between two operating points
0.15 g/kWh; however, it is assumed that this was mainly caused by irreproducible engine
conditions at the lowest load and highest speed. The theoretic measurement uncertainty of
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the method that was calculated by Gaussian error propagation, and by taking into account
all of the mass flow measurements and their respective deuterium concentrations, was
found to lie in a range between 0.01 and 0.03 g/kWh, depending on the operating point. As
a reference system, the more conventional sulfur dioxide (5O;) method was used. However,
the reproducibility and the accuracy of the SO, method were not satisfactory because of
the low sulfur content of the semisynthetic engine oil.
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Figure 4. Reproducibility assessment of the LOC measurement method. The numbers and sizes of
the dots represent standard deviations between measurements.

2.2. Analytic Methods
2.2.1. Infrared Spectrometry (IR)

The concentration of deuterium in the lube oil was determined by Fourier transform
infrared spectrometer (FTIR) (ERASPEC OIL, from the company eralytics GmbH (Langen-
zersdorf, Austria)). The exact concentration was determined by using calibration with
'H-nuclear magnetic resonance (NMR) spectroscopy, and an area of a very specific ab-
sorption band of a deuterium—carbon bond between 2050 and 2250 cm~!. The deuterium
concentration shows a linear dependency on the area of this specific absorption band
(Figure 5).

2.2.2. Viscosity and Viscosity Index

For the determination of the kinematic, dynamic viscosity and the viscosity index, the
standard viscosimeter for oil analysis (SVM 3000 Stabinger Viscometer, from the company
Anton Paar GmbH (Graz, Austria)) was used.

2.2.3. Gas Chromatography (GC)

GC measurements were performed on an Agilent Technologies (Santa Clara, CA,
USA) 7890A (G3440A) GC system equipped with an Agilent Technologies J&W GC-column
HP-5MS ((5%-phenyl)-methylpolysiloxane; length: 30 m; inner diameter: 0.250 mm; film:
0.25 pm) at a constant helium flow rate (He: 5.0; Air Liquide; “Alphagaz”; 1.085 mL/min;
average velocity: 41.6 cm/s).
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Figure 5. The complete IR spectrum of the lube oil: (a) without tracer; and (b) with tracer (black),
including the selected area for the determination of the deuterium concentration (blue); (c) linear
correlation between >H concentration and area in the IR spectrum.

2.2.4. Thermogravimetry

Thermogravimetry analyses were performed on an STA 409 CD (simultaneous thermal
analyzer from the company Netzsch-Gerdtebau GmbH (Selb, Germany)). The analysis was
performed in a range from 50 to 1000 °C, at 10° /min.

3. Results and Discussion
3.1. Deuterated Tracer

The first challenge was the proper selection of the deuterated tracer. Ideally, its
addition should not influence the physical and chemical properties of the lube oil. On the
other hand, the deuterated tracer must be easily available (commercial product or simple
preparation) and affordable.

The best candidates were commercially available deuterated hydrocarbons (especially
fully deuterated dodecane (C12Dy)), deuterated tracer based on base oil, and deuterated
tracer based directly on lube oil. The base 0il and lube-oil-based deuterium tracer required
the in-house development of preparation (deuterium labelling) (Table 1).

Table 1. Comparison of different potential deuterium tracers.

Tracer Positives Negatives

Deuterated hydrocarbons
dodecane-d, C1pDog

Low viscosity

Commercially available Low boiling point

Deuterated base oil Samg evaporation curve Necessary to qevelop
Similar viscosity synthesis
. . to devel
Deuterated lube oil Same properties Necessary to “evelop
synthesis

The preparation of the deuterated tracer from the final lube oil was not successful.
Both of the tested deuteration reactions (with deuterium gas and with heavy water (D,0))
failed. The most probable reason was the poisoning of the precious-metal catalyst by oil
additives (especially with sulfur and phosphorus compounds).
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215°C, 70 h.

The situation was different for the deuteration of the base oil. Some small-scale
preparations of deuterated hydrocarbons and base oils have already been published. Most
of the preparations use deuterium gas as a deuteration agent [23-25]. However, deuterium
gas is the approximately 3-5 times more expensive than the same molar amount of heavy
water. This is a strong argument for the use of heavy water as a deuteration agent [26,27].

The deuteration of the base oil was performed as a two-step process that was catalyzed
by 0.35 wt.% Pd/C (5 wt.%). As the deuteration agent, heavy water was used. The first
step of the reaction was conducted with recycled D,O (roughly 70 at% D) waste from
the second step of the reaction. The second step was performed with 99.99% D,O. The
reaction was carried out under an elevated temperature of 215 °C, a pressure of 22 bar,
and an atmosphere of hydrogen or deuterium (1 bar) in a 5 L pressure reactor from the
company UOSLAB—UKRORGSYNTEZ Ltd. (Kyiv, Ukraine). The presence of hydrogen or
deuterium is mandatory for the activation of the catalyst (Figure 6).

Base Oil-d

2.2 eq. D,0 (99.99 %),

D, (1 bar)

215°C, 70 h.

y

(@)

Figure 6. (a) Reaction scheme of deuteration of base oil; (b) 5 L pressure reactor from the company
UOSLAB—UKRORGSYNTEZ Ltd.

Synthetic- and mineral-based oils were tested in this deuteration reaction. Better
results were achieved with a synthetic base oil (PAO). The synthetic base oils showed
roughly 1.3x better conversion in the deuteration reaction than the mineral-based oil.
There was not a huge difference in the reactivity of the PAO4 and PAO6 base oils. However,
the lower-viscosity PAO4 base oil showed an easier reaction workup, which was mainly
during the filtration for removing the catalyst (Pd/C (5 wt.%)) (Table 2).

Table 2. Reaction results for different base oils.

Base Oil Deuteration Note
PAO4 72-79 at% *
o Worse work up due to
PAO6 71 at% higher RT viscosity
. . o Worse work up due to
Mineral base oil 55 at% higher RT viscosity
* Multiple attempts.

The PAO4 base oil was identified as the best-suited candidate for the deuterated oil
tracer in terms of preparation. The deuterated PAO4 base oil (PAO4-d) was called the
LEC OilTracer.

The main ingredients of PAO4 base oil are hydrogenated trimers of dec-1-ene (C30H62,
CAS: 500-393-3). The most abundant isomer can be seen in Figure 7.
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Figure 7. The main ingrediency of PAO4 oil—hydrogenated trimers of dec-1-ene.

As mentioned in the previous section on the oil-consumption method, the limit for
accurate oil-consumption measurement is around 3—4 at% deuterium, which roughly
corresponds to the deuterium concentration of 0.75-1 wt.% in the lube oil. This number is
relatively abstract, and it is hard to imagine how much oil tracer would have to be added.
Table 3 shows the wt.% and the amount of deuterated tracer that has to be added to reach
the required concentration.

Table 3. The required amount of tracer for accurate LOC measurement.

Tracer wt.% of Tracer Addition to 1 kg of Lube Oil

Deuterated hydrocarbons

n-dodecane-d, C15Dyg (98%), 2.88-3.85 29-39 g
26.0 wt% deuterium

PAO4-d, LEC QilTracer

(75%), 20.2 wt% deuterium 3.71-4.95 37-50g

3.2. Viscosity and Viscosity Index

For reliable and authentic measurement, the addition of the tracer should not signifi-
cantly influence the properties of the lube oil. The crucial characteristics are the viscosity
and the viscosity index. The critical parameter for the decision was the kinematic viscosity
at 100 °C and the viscosity index, because those values represent behavior of the lube-oil
operating temperature. Our goal was to not influence the kinematic viscosity at 100 °C for
more than 10%.

The first tests were on a “deuterated hydrocarbon tracer”. This measurement was
performed with nondeuterated n-dodecane (C1,Hpg). The physical and chemical properties
are nearly identical. As a lube oil, mineral base oil was used.

As mentioned in the previous chapter, the addition of 3-4% of deuterated hydrocarbon
tracer should ensure a sufficient concentration of deuterium in lube oil. Unfortunately,
already a very small addition of the n-dodecane (C12Hj4) caused drastic changes in the
kinematic viscosity (Table 4). By the addition of 2 wt.% of n-dodecane (Cy2Hyg), the
kinematic viscosity at 100 °C dropped by 12%. Such a significant shift in the viscosity
would influence the engine operation. Therefore, this type of tracer is not suitable for
lube-oil-consumption measurement.

Table 4. Kinematic viscosity of blended mineral lube oil with n-dodecane (C1yHyg).

Addition of Hydrocarbon Kin. Viscosity Kin. Viscosity VI
C12Hzg 40 °C, [cm?/s] 100 °C, [cm?/s]
Pure lube oil 116.52 13.29 (100%) 109.6
2 wt.% 91.75 11.67 (88%) * 117.1
4 wt.% 76.17 10.48 (79%) * 122.5

* Data values which exceed the limits.

The second viscosity measurement was performed with the LEC OilTracer (PAO4-d).
For easy comparison, the same mineral lube oil was use.
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The deuterium-enriching lube oil by the addition of the LEC OilTracer shows con-
siderably different results (Table 5). The decrease in the kinematic viscosity at 100 °C
was not significant. There was only a 5% drop in the kinematic viscosity at 100 °C for a
4 wt.% addition, which was sufficient for accurate lube-oil-consumption measurement. The
internal threshold of a 10% deviation from the viscosity of pure oil was exceeded only with
the addition of 10 wt.% of the LEC OilTracer.

Table 5. Kinematic viscosity of deuterium-enriched mineral base oil with LEC OilTracer.

Addition of Kin. Viscosity Kin. Viscosity VI
LEC OilTracer 40 °C, [em?/s] 100 °C, [em?/s]

Pure lube oil 116.52 13.29 (100%) 109.6
1wt % 113.26 13.19 (99%) 111.9
2wt % 112.13 13.03 (98%) 110.9
4 wt.% 106.65 12.68 (95%) 112.3
6 wt.% 102.62 12.36 (93%) 112.7
8 wt.% 97.68 12.02 (90%) 113.9
10 wt.% 9243 11.60 (87%) * 114.8

* Data values which exceed the limits.

The best results were achieved with the LEC OilTracer (PAO4-d) and semisynthetic
lube oil. For an example, the viscosity measurement with Titan SuperSyn 5W-30 from Fuchs
is listed in Table 6. The internal threshold of the 10% deviation from the viscosity of pure
oil was not exceeded, even with the addition of 10 wt.% of the LEC OilTracer, which is far
beyond the required concentration.

Table 6. Kinematic viscosity of deuterium-enriched Titan Supersyn 5W-30 with LEC OilTracer.

Addition of Kin. Viscosity Kin. Viscosity VI
LEC OilTracer 40 °C, [cm?/s] 100 °C, [cm?/s]
Pure lube oil 0

Titan SuperSyn 5W-30 52.37 9.67 (100%) 172.2
2.5 wt.% 50.28 9.37 (97%) 172.3
5wt.% 48.76 9.20 (95%) 173.9
75 wt.% 47.88 9.04 (93%) 172.9
10 wt.% 46.28 8.79 (91%) 172.8
12.5 wt.% 44.96 8.59 (89%) * 172.5

* Data values which exceed the limits.

3.3. Compatibility and Stability

It would be possible to use a broad range of deuterated substances for enriching the
deuterium content of lube oil. The vital parameters are not only the tribological properties
of the tracer, but also the stability under harsh conditions and the high similarity in terms
of the evaporation and the boiling points.

The low chemical stability of the tracer would cause decomposition and inconsistency
in the measurement.

A different boiling point (evaporation rate) of the tracer, in comparison to lubrication
oil, would result in a different speed of evaporation. For example: if the boiling point of
the tracer were to be lower than the based oil of lube oil, the tracer would evaporate faster,
and the measured oil consumption would be higher than the real oil consumption.

3.3.1. Thermogravimetry

Thermogravimetry can, in principle, answer both questions. The weight of a measured
sample was continuously monitored while the sample was heated, which, in this particular
case, was from 50 to 1000 °C by 10 °/min. The sample was in an open vessel; therefore,
after reaching the boiling point, the sample evaporated and its weight decreased. The loss
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of the weight could also be observed during the decomposition of the sample, in which
gaseous or lower-boiling-point side products were created.

Additionally, thermogravimetry was used for comparing the boiling point (evapo-
ration curve) and the stability to the nondeuterated substance, which should stay in a
similar range. This also facilitates the verification of the purity of the product. It can contain
lower boiling fractions that are created during the deuteration reaction via the thermal
decomposition reaction (cracking).

Figure 8 shows that there is no weight loss below 200 °C. From this, we can assume
that the LEC OilTracer does not contain lower boiling fractions, and that its synthesis is
without the cracking side reaction.

—@— Lec OilTracer PAO4

50

100 150 200 250 300 350 400 450 500

Temperature [°C]

Figure 8. Comparison of thermogravimetry analysis of PAO4 oil and LEC OilTracer.

Major weight loss takes place between 300 and 400 °C, which is exactly in the same
range as the PAO4 base oil. This range also corresponds to the “boiling points” of other
base oils that are used for the production of lube oils [28].

The evaporation curve of the LEC OilTracer is very slightly shifted to the left in
comparison to the PAO4 base oil. This trend is caused by the exchange of hydrogen atoms
for deuterium. Most of the hydrocarbons have slightly lower boiling points [29].

3.3.2. Gas Chromatography/Mass Spectroscopy (GC-MS)

The next method that was used for the verification of the purity was GC-MS. Gas
chromatography detects the presence of side products. The separation of the compounds is
mostly based on their boiling points and the interactions with the column material. Lower
boiling fractions and products of the cracking side reaction would elute before (with a
lower retention time) the main fraction. Associated mass spectroscopy would be able to
identify the exact substance.

As can be seen from the GC-MS chromatogram of the PAO4 base oil and the LEC
OilTracer (Figure 9), a significant peak shift, or some different peaks, before or after the
main fraction of the LEC OilTracer, were not observed. This nicely confirms the purity of
the LEC OilTracer and the stability of the PAO4 base oil during the deuteration reaction (the
presence of some peaks with lower retention times would indicate side reactions during
the synthesis “cracking”).



Lubricants 2022, 10, 84 11 of 15

700000, as7e
26000 110

28000 8747

Abundante TIC
Abundante TIC

:
2—0
—§
[

1

S
E

1 [l

T T T T T T T T T o
3.00 400 5.00 6.00 7.00 800 200 10.00 11.00

T T T T T i T T T
2.00 “4.00 500 8.00 7.00 2.00 200 10.00 1100

(a) Time [min] (b) Time [min]

Figure 9. (a) GC-MS analysis of PAO4 base oil, and (b) LEC OilTracer. On the x-axis is the retention
time, and on the y-axis is the total ion current (TIC).

3.4. Long-Term Stability Test—A Truck Diesel Engine

The final test of the stability and the usability of the deuterated tracer was a long-term
study on a diesel truck engine. The test was performed on a delivery truck in ordinary
traffic in Austria. For this experiment, 1 wt.% of the LEC OilTracer was added to the lube
oil. The main focus of this investigation was monitoring the changes in the deuterium
concentration in the lube oil in order to prove that the deuterium concentration does not
fluctuate or shift over the engine time and mileage. This was achieved by measuring the
deuterium content with IR spectrometry at multiple points during the study.

Truck type: Mercedes Actros 2545 L/49 6*2

Engine type: OM 471 LA.6-13

Oil type: Fuchs Titan Cargo Maxx 10W40, Volume: 38.2 L,
Tracer added: 0.38 L (1 wt.%) (LEC OilTracer)

As can be seen from Figure 10, there were no significant decreases or increases in the
deuterium tracer in the lube oil. The most significant decreases in the concentration are
visible during the refilling of the consumed lube oil (blue curve). The consumed lube o0il
was replaced by fresh oil without a deuterated tracer. The sharp drops in concentration
were caused by these additions (e.g., 652 h; the addition of 3 L of fresh oil; a 9% drop). The
orange curve shows the deuterium concentration with the correction for these additions.

Overall, the measurement shows a very negligible drop in the deuterium content in
the lube oil. The deuterium content difference was only 15% over 4600 operating hours
and a mileage of nearly 150,000 km.

These results, plus the fact that the operation of the engine was without defect or error,
confirm the stability and the compatibility of the deuterated tracer with the lube oil.

The inspection of the engine after the test did not find any defect or deposits of the
tracer in the engine.
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Figure 10. Deuterium concentration in lube oil during long-term stability test in a truck diesel engine.

4. Conclusions

Deuterium is a stable, nonradioactive isotope of hydrogen that can be used for highly
accurate online lube-oil-consumption measurement [20,21]. The major goal of the research
that is presented in this publication was the identification of a suitable deuterium tracer
for enriching the concentration of deuterium in lube o0il. An ideal deuterium tracer should
have identical or highly similar properties to lube oil (boiling point, viscosity, etc.) and a
high concentration of deuterium.

In the beginning, three different categories of the oil tracer were identified: commer-
cially available deuterated hydrocarbons, deuterated base oil, and deuterated lube oil. The
last two categories required in-house development and preparation.

The closest commercially available deuterated substances are polydeuterated lin-
ear hydrocarbons, such as n-dodecane-d (C12Dys). However, they turned out to be very
poor candidates, which was mainly due to the incompatibility in the viscosity and the
boiling point.

Tracers that are based on deuterated base oil or lube 0il are not commercially avail-
able. First, it was necessary to develop an easy and affordable method of synthesis. The
deuteration of lube oil failed, which was most probably due to the poisoning of the catalyst
with additives. However, the deuteration of the synthetic base and mineral-based oil was
successful. The synthetic-based oil PAO4 was identified as the best candidate for large-
scale synthesis. Later on, the synthesis was scaled up to kilogram production. The final
deuterium tracer (PAO4-d (LEC OilTracer)) contained an average of 75 at% of deuterium.

For accurate lube-oil-consumption measurement, it is necessary to enrich the concen-
tration of deuterium in the lube 0il to 0.75-1 wt.%. This concentration can be achieved by
the addition of 4-5 wt.% of LEC Oiltracer (PAO4-d) to the lube oil. As shown above, this
addition does not significantly influence the kinematic viscosity of the lube oil (less than a
5% deviation). This small deviation can probably be eliminated by the addition of viscosity
improvers to the LEC Oiltracer (PAO4-d), and this is the subject of our future research.

The thermogravimetry-and-gas-chromatography analysis proved that the evaporation
rate of the LEC OilTracer (PAO4-d) is very similar to the evaporation rate of base oils,
which are used for the production of lube oils. This indicates that the concentration of
LEC OilTracer will not fluctuate during the experiment. This was also confirmed by a
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long-term stability study on a truck diesel engine. The concentration of the tracer was
highly stable over time, and it decreased by only 15% over 4600 operating hours and a
mileage of 150,000 km.

PAO4-d (LEC OilTracer) was identified as a very promising deuterium tracer for
online lube-oil-consumption measurement, and it has already been successfully tested on a
gasoline passenger car engine [20,21].

Future investigations will include large stationary gas engines that operate on natural
gas and hydrogen, where the lube-o0il consumption plays a crucial role in combustion
anomalies, such as preignition, which results in the knocking of an engine.
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Abbreviations
wt.% Weight percent
at% Atom percent
H Protium
2H; D Deuterium
SH T Tritium
LOC Lube-oil consumption
FTIR Fourier transform infrared spectroscopy
IR Infrared
NMR Nuclear magnetic resonance
Pd Palladium
PAO Polyalphaofeline
LEC OilTracer Deuterated PAO4 base oil (PAO4-d)
CG Gas chromatography
MS Mass spectroscopy
VI Viscosity index
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