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Investigation of oxidation of a mineral and a synthetic engine oil
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Abstract

The aim of this study was to investigate the oxidation of two different engine oils: a mineral and a synthetic engine oil. The mineral oil
was a CEC3 reference oil often used in the CEC fuel tests. The synthetic oil was biologically degradable often used for fuel tests. The oils
were analyzed by liquid-state13C NMR, 1H NMR and cyclic fast neutron activation analysis (cFNAA) and were oxidized at about 550◦C at
atmospheric pressure in an oxidizer with constant airflow. The amount of oxygen in the condensed oil after oxidation and soot produced was
measured using cFNAA. The soot produced by the mineral oil at 550◦C was studied by solid-state13C NMR.

The amount of oxygen in the mineral oil was estimated to 1.6± 0.2 wt.% and in the synthetic oil it was 10.1± 0.1 wt.%. After oxidation at
550◦C, the synthetic oil produced almost 25% more soot than the mineral oil. The amount of oxygen in the soot produced by the mineral oil
was 24.9± 0.5 wt.% and in the soot derived by the synthetic oil it was 23.4± 0.5 wt.%. Seemingly, the degradation of the mineral engine oil
goes via the formation of oxidized aliphatics. Interestingly, the soot derived from the mineral oil at 550◦C was similar to combustion chamber
deposits (CCDs) derived from the same oil in a previous study in terms of oxygen content and chemical composition.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Degradation of engine oils may affect engine properties,
for example through formation of combustion chamber de-
posits (CCDs)[1–7] and particulate emissions[8]. Engine
oil is degraded due to oxidation and heat[4,9,10]. The ox-
idation of engine oil can be studied using several methods
[3,11,12–35]. In these methods physical and chemical prop-
erties of oil during the oxidation process is studied, for ex-
ample weight loss, sludge forming tendency and change in
the viscosity of oil versus formation/degradation of com-
pounds in oil. Generally, engine oil compounds have a rel-
atively high thermal/oxidative stability[10].
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performance tests for transportation fuels, lubricants and other fluids,
Brussels, Belgium [6].

Recently, we have characterized CCDs taken from a
gasoline direct injection (GDI) spark ignition engine using
different methods[6,7]. The engine was run with a CEC
recommended reference oil[16]. The results showed that the
organic part of the CCDs consisted of aliphatics (16%), oxy-
genated aliphatics (26%) aromatics (28%) and oxygenated
aromatics, carboxyls and carbonyls (30%)[7]. There was a
strong relation between the composition of the CCDs and the
composition of the engine oil[7]. Seemingly, oxidation of
the engine oil was an important factor for formation of CCDs
in the GDI engine above. The amount of oxygen in the CCDs
was between 25 and 30 wt.% depending on where the de-
posits were collected. Most of the oxygen was bound to com-
pounds (acids and esters) in the volatile part of the CCDs.

The aim of this study was to investigate, using detailed
methods, the oxidation of engine oils. Two different engine
oils were studied: a low oxygen content mineral oil pre-
viously used in a test study of a GDI engine[5–7] and a
synthetic oil containing a relatively high amount of oxygen.
The oils were analyzed by liquid-state13C, 1H NMR and
cyclic fast neutron activation analysis (cFNAA) and were
oxidized. The amount of oxygen in the condensed oil af-
ter oxidation and soot produced was measured using cF-
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NAA. The soot produced by the mineral oil at 350 and
550◦C was characterized by solid-state13C NMR. This
work was done as a complement to our previous study of
the composition of the CCDs derived from the CEC mineral
oil [7].

2. Experimental

2.1. Oils

Two different engine oils, a mineral and a synthetic oil,
were analyzed in this study.Table 1shows the property of
the oils. The mineral oil was a CEC reference oil, CEC
RL-189 batch 5 15W/40 SAE grade often used in the CEC
fuel tests[30]. The synthetic oil was an ester based base oil
containing about 15% additive.

2.2. Oxidizer

The oxidation of the oils was done in disposable sample
tubes made of borosilicate (CaB2Si2O8) with the dimensions
of 12 mm× 140 mm placed on a furnace (Fig. 1). The tubes
fitted precisely in the furnace part of the oxidizer. The soot
produced was precipitated on the bottom of the tube and
the gaseous oil out from the tube was condensed in a glass
bottle by distillation. A special vent head was developed and
built for air and oil introduction and gas outflow. To avoid
melting of the vent head it was cooled by airflow. The angle
between the experimental set-up and the floor was 15◦. In
this way the gaseous oil easily left the chamber.

The working temperature of the sample tubes was about
550◦C. However, the temperature varied along the tube
(Fig. 2). The accuracy of the measured temperature at each
point was around±5◦C. The gas flow was adjusted to ap-
proximately 1500 ml/min using a HP Soap Film Flowmeter.
At this flow, the oil vapors were rapidly transported out of
the oxidizer. A graduated glass was used to measure the vol-
ume of the oils. 5 ml of each oil sample was oxidized for

Table 1
Specification of the engine oil

Property Mineral oil Synthetic oil

SAE grade 15W/40 5W/30
Density at 15◦C (g/cm3) 0.880 0.880
Flash point (◦C) 220 234
Pour point (◦C) −30 −48
Viscosity at 100◦C (cSt)a 14.44 12
Viscosity at 40◦C (cSt) 106.0 62
Purpose of the oil Standard crankcase lubricant for fuel tests,

gasoline and diesel
Biologically degradable, lubricant for fuel tests,

Available from Silkolene Lubricants, Belper, Derbys UK Aspen Petroleum AB, Sweden
Heinz Kruger, Oberhausen, Germany
ETS, Mont-Saint-Aignan, France

a 1 cSt= 10−6 m2/s.

Fig. 1. Schematic figure of the oxidizer.
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Fig. 2. Temperature along the oxidizer.

25 min. The procedure was repeated four times for each type
of oils.

2.3. Cyclic fast neutron activation analysis

Fast neutron activation analysis is a widely used method
for analysis of oxygen in a variety of matrices[7,36–38].
Oxygen can be detected by the radioactive decay of16N,
produced by the nuclear reaction16O (n, p) 16N. This re-
action has a threshold energy of approximately 10 MeV.
The16N decays with a half-life of 7.13 s, emitting 6.1 MeV
(68.8%) and 7.1 MeV (4.7%) photons[39]. The sample is
cyclically activated through a pneumatic transfer system.
The sensitivity is good from tens of milligram up to the gram
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region and depends on the number of cycles and background
radiation. The fast neutrons were generated by a stationary
neutron generator with a neutron source strength of up to
1011 neutrons per second with energy of 14.1 MeV from the
T (D, n) 4He reaction. A BGO detector (5.08 cm×5.08 cm)
was used for detection of activated nitrogen in oils and soot.
The neutron flux was monitored with a neutron detector dur-
ing activation and the measured16N activity was corrected
for variations in the neutron flux. The net signal is the ra-
tio between the difference of the signal from oxygen (SO)
and background (Sb) registered by the detector and the sig-
nal from the monitor (m): Net signal= (SO − Sb)/m. The
procedure and methodology of quantification of oxygen by
cyclic fast neutron activation analysis (cFNAA) is described
in [7]. An external standard method was used for quantifi-
cation of oxygen in liquid oil and solid soot. Three calibra-
tion curves constructed by five different types of metallic
powders with different volumes (and consequently weights):
aluminum oxide (Al2O3), iron oxide (Fe2O3), zinc oxide
(ZnO), sodium bicarbonate (NaHCO3) and calcium oxide
(CaO).

2.4. Liquid-state 13C and 1H NMR

For comparing the chemical composition of engine oils,
the oils were analyzed by liquid-state13C and 1H NMR
(nuclear magnetic resonance) spectroscopy. NMR is a pow-
erful method for investigation of the composition of differ-
ent types of oil NMR[40–43].13C NMR was run unlocked
without any deuterated solvent. TMS was used as internal
reference and no relaxation agent was used.13C NMR was
recorded qualitative with a 90◦ pulse and the time between
the pulses was 15 s. All the spectra were recorded at 25◦C
on a Varian Inova 600 MHz spectrometer equipped with a
bb-probe (5 mm NMR tube with 700�l sample volume). The
1H NMR was performed on a Varian Inova 500 spectrome-
ter at resonance frequencies 125.672 and 499.746 MHz. The
probe used for accumulating the1H data was a Varian PFG
probe. The recycle delay was 1 s and no proton-decoupling
field was used.

2.5. Solid-state 13C NMR

In the present study, a single pulse13C solid-state NMR
was used to characterize the organic compounds in the
soot derived from the mineral oil. Solid-state13C NMR
spectroscopy was performed on a Varian Inova 500 MHz
spectrometer with magic angle spinning. The resonance fre-
quency for13C was 125.673 ppm and the recycle delay was
1 s. No proton decoupling was used. The probe used was a
room temperature CP/MAS probe. The samples were ground
and homogenized. Around 100 mg was packed into a 5 mm
rotor. The ferromagnetic impurities were removed using a
bar magnet. The run time for each sample was 45 min with
the spinning rate of 8000 Hz. At this spinning rate the spin-
ning side band is minimized. In this method, carbon atoms

in different compounds were monitored at different chem-
ical shift ranges. Chemical shifts of hexamethylbenzene
(C12H18) were used for referencing the spectra. The relative
amount of every type of compound was calculated using
integration of the area under the peak. To identify the chem-
ical shift of the compounds contained in the mineral engine
oil, 100�l unused engine oil was run in the rotor with magic
angle spinning. The spinning rate of this sample was 600 Hz.

3. Results and discussions

3.1. Liquid-state 13C and 1H NMR of oils

The results from the liquid-state13C NMR (Fig. 3a and
b) and1H NMR (Fig. 4a and b) give information about the
chemical composition of the mineral oil and the synthetic
oil, respectively. In these spectra, each peak corresponds to
a specific functional group; the area under the peak is pro-
portional to the concentration of the compound. The rele-
vant peaks were verified using a database[44] and compared
to the results in Ref.[45]. The chemical shift from 60 to
0 ppm inFig. 3a and bcorresponds to the different aliphatic
(alkyl-) functional groups. As seen inFig. 3a, the mineral
oil contains only aliphatics.Fig. 3bshows that the synthetic
oil has in addition to the aliphatic peaks, two peaks at 171

Fig. 3. (a) Liquid-state13C NMR of the mineral oil; (b) liquid-state13C
NMR of the synthetic oil.
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Fig. 4. (a) Liquid-state1H NMR of the mineral oil; (b) liquid-state1H
NMR of the synthetic oil.

and 63 ppm, respectively (marked by labels inFig. 3b). The
peak at 171 ppm corresponds to carbon of the carbonyl group
(C=O) and the peak at 63 ppm refers to carbon of an ester
group (C–O–C). The1H NMR of the mineral oil inFig. 4a
and bshows two peaks in the chemical region 1.8–0 ppm
corresponding to aliphatic (alkane) functional groups. As
seen inFig. 4a, the mineral oil consists of aliphatics. The
peak between 2.0 and 1.0 ppm corresponds to methyl pro-
tons [45]. The peak at 2.1 ppm inFig. 3b corresponds to
hydrogen of a methyl group bound to a carbonyl group and
the peak at 3.9 ppm refers to hydrogen of a methyl group
bound to an ester group.

3.2. Gravimetric analysis of soot

Gravimetric analysis of soot, produced from the oils in-
vestigated, was done using a precision balance (E. Mettler
Cap. 80 g). The results are given inTables 2 and3. The oxi-
dation procedure generated very reproducible results. This is
evident from the low values of standard deviation inTable 3.
This table shows that the amount of soot derived from the
5 ml (4.4 g) mineral oil is about 3.7 wt.% and from the 5 ml
(4.4 g) synthetic oil it is about 4.6 wt.%. The synthetic oil
produced approximately 25% more soot than the mineral oil.

As a test, the temperature of the oxidizer was changed to
350◦C and the sludge left in the sample tube after 25 min

Table 2
The amount of soot produced from the oils at different procedures

Procedure Soot [g] from
mineral oil

Soot [g] from
synthetic oil

1 0.16291 0.20080
2 0.16311 0.20161
3 0.16202 0.20211
4 0.16270 0.19891

produced by oxidation of the mineral oil was weighed. 5 ml
mineral oil produced 1.166 g sludge. The sludge was a black
mixture consisting of unburned and burned engine oil and
soot fragments.

3.3. Cyclic fast neutron activation analysis (cFNAA) of
oils and soot

The mineral oils, the condensed oils, and the soot were
measured at three different times with slightly different ex-
perimental set-up.Fig. 5a–cshow three different calibration
curves, from the three different cFNAA experiments, made
of different metal oxide powders. Note that for activation
analysis the type of powder is not important, as the neutron
attenuation in the powder samples is almost the same.Fig. 5a
shows a calibration curve made with aluminum oxide and
iron oxide used for quantitative analysis of oxygen in the
mineral oil and the synthetic oil. This curve was previously
used for quantification of oxygen in CCDs[7]. The dimen-
sion of the container for standards was 14 mm×32 mm and
for oils it was 15 mm× 54 mm. Generally, for liquid sam-
ples, the sample containers were sealed carefully by melting
the cap to the container. The number of cycles was 6.

As seen inFig. 5a the amount of oxygen depends lin-
early on the activity corrected for variation in neutron flux.
Metallic elements (zinc, phosphorus, calcium and magne-
sium potassium) and sulfur exist in much smaller amounts
than oxygen in the oil and do not interfere with oxygen at
all.

Fig. 5bshows a calibration curve made with the ZnO and
NaHCO3 used for determination of oxygen in the condensed
mineral oil and condensed synthetic oil. The dimension of
the container for powder standards and liquid oil samples
was 15 mm× 54 mm. The number of cycles was 12, which
is an increase by a factor 2 compared to the calibration curve
in Fig 5a. Theoretically, this would decrease the statistical
errors in the net signal by a factor of 1/

√
2, which can

give a more accurate calibration curve. The linear relation
between the measurement points inFig. 5b indicates that

Table 3
The average amount of soot produced from the oils

Oil Soot [g]
(average)

S.D. % soot 5 ml
sample

Mineral oil 0.1627 0.0006 3.7
Synthetic oil 0.2009 0.0014 4.6
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Fig. 5. (a) cFNAA calibration curve with Al2O3 and Fe2O3 (values in
Table 4); (b) cFNAA calibration curve with ZnO and NaHCO3 (values
in Table 5); (c) cFNAA calibration curve with ZnO and CaO (values in
Table 6).

fewer standard samples can also give a curve with good
accuracy.

Fig. 5cshows a calibration curve made with the ZnO and
CaO used for determination of oxygen in the soot derived
from the mineral oil and synthetic oil. The dimension of
the container for powder standards and powder soot samples
was 14 mm×32 mm. Because the amount of soot was small,
the number of cycles was increased to 18. Theoretically, this
would decrease the statistical errors in the net signal by a
factor of 1/

√
3. The correlation factor (R2) of the curve is

very low (0.9984). The low error in the curve inFig. 5c
indicates that only two standards can give a good estimation
of oxygen in the soot and the sludge samples.

Tables 4–6show the amount of oxygen in the engine oils,
condensed engine oils after oxidation, and soot produced
using the calibration curve shown inFig. 4. According to
Fig. 5a and Table 4, there is 0.103± 0.003 g oxygen in
6.690 g mineral oil (1.6± 0.2 wt.%). In the synthetic oil the
amount of oxygen was 0.65± 0.01 g in 6.48 g oil (10.1 ±
0.1 wt.%). The synthetic oil contains about six times more
oxygen than the mineral oil.

Table 4
Data for cFNAA of the mineral and synthetic oil (graphic plot inFig. 5a)

Standard Amount of
oxygen [g]

Net signal Statistical errors,
net signal

Fe2O3 0.006 0.0006 0.0001
Al2O3 0.014 0.0005 0.0001
Al2O3 0.014 0.0007 0.0001
Fe2O3 0.188 0.0106 0.0002
Al2O3 0.200 0.0122 0.0002
Al2O3 0.200 0.0138 0.0002
Fe2O3 0.799 0.0490 0.0003
Fe2O3 0.799 0.0539 0.0003
Al2O3 1.946 0.1201 0.0005
Al2O3 1.946 0.1208 0.0006

Sample Weight sample [g]

Mineral oil 6.690 0.0064 0.0010
Synthetic oil 6.480 0.0406 0.0003

Table 5
Data for cFNAA of oils and condensed oils after oxidation (graphic plot
in Fig. 5b)

Amount of
oxygen [g]

Net signal Statistical errors,
net signal

ZnO I 0.171 0.0016 0.0000
ZnO II 1.680 0.0086 0.0001
NaHCO3 I 6.375 0.0352 0.0002
NaHCO3 II 6.375 0.0333 0.0002

Sample Weight
sample [g]

Condensed mineral oil 7.290 0.0022 0.0000
Condensed synthetic oil 7.079 0.0058 0.0001

According toFig. 5bandTable 5, the amount of oxygen
in the condensed mineral oil was about 0.407 g oxygen in
7.290 g oil (5.6 wt.%) and in the condensed synthetic oil it
was 1.074± 0.019 g in 7.079 g oil (15.1± 0.3 wt.%). After
oxidation, the synthetic oil contains about 2.7 times more
oxygen than the mineral oil.

From each oil sample, the four soot samples derived were
mixed and analyzed with cFNAA. According toFig. 5cand
Table 6, the amount of oxygen in the soot derived from the
mineral oil was 0.273± 0.006 g in 1.095 g soot (24.9 ±
0.5 wt.%) and in the synthetic oil it was 0.272± 0.006 g

Table 6
Data for cFNAA of soot and sludge (graphic plot inFig. 5c)

Standard Amount of
oxygen [g]

Net signal Statistical errors,
net signal

ZnO 0.408 0.0024 0.00001
CaO 1.025 0.0064 0.00010

Sample Weight
sample [g]

Soot, mineral oil 1.095 0.00169 0.00004
Soot, synthetic oil 1.167 0.00169 0.00004
Sludge 1.166 0.00070 0.00010
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Fig. 6. 13C NMR of the mineral engine oil analyzed using the CP/MAS
probe.

in 1.167 g oil (23.4± 0.5 wt.%). This indicates that soot
produced by the mineral oil is ca 9% more oxidized than soot
derived from the synthetic oil. Using the calibration curve
in Fig. 5cthe amount of the oxygen in the sludge produced
at 350◦C derived from the mineral oil was estimated to
0.113± 0.016 g in the 1.166 g sludge (9.7± 1.4 wt.%).

3.4. Solid-state 13C NMR of soot

Fig. 6shows13C NMR of the mineral engine oil analysed
using the CP/MAS probe. In this figure, aliphatics contained
in the mineral engine oil are presented by a broad peak in
the region 40–0 ppm.

Fig. 7shows solid-state13C NMR of the sludge produced
at 350◦C (Section 3.2). The major fraction of the sludge
consists of unburned engine oil in the region 40–0 ppm. The
small but broad peak in the region 60–40 ppm comes from
oxygenated aliphatic functional groups indicating that oxy-
genated aliphatics form at lower temperature.

Fig. 8shows the13C solid-state NMR of the soot derived
from the mineral oil at 550◦C. Table 6shows area fractions
of important chemical shift regions in the NMR spectrum
in Fig. 8. As seen in this table, a significant part of the soot

Fig. 7. Solid-state13C NMR of the sludge derived from the mineral oil
at 350◦C.

Fig. 8. Solid-state13C NMR of the soot derived from the mineral oil at
550◦C.

Table 7
Approximate area fraction of important chemical shift regions in the NMR
spectra of soot derived from the mineral oil at 550◦C

Compound classes Chemical Shift (ppm) Area fraction (%)

Aliphatics 40–0 16
Oxygenated aliphatics 110–40 29
Aromatics 160–110 31
Oxygenated aromatics 180–160 8
Carboxyls and carbonyls 250–180 16

(40–0 ppm) consists of unburned engine oil. Compounds
containing oxygen (oxygenated aliphatics and carboxyls
and carbonyls) make up for almost 50% of the deposits.
Interestingly, the soot derived from the mineral oil is very
similar to CCDs analysed in[7] in terms of oxygen content
and chemical composition (Table 7).

The future work may focus on the characterization of
oxidized oil and sludge/soot produced from the mineral oil
at different conditions: temperature, pressure and airflow by
fast cFNAA with more than 18 cycles and high resolution
(cross-polarization) solid-state NMR spectroscopy.

4. Conclusion

The amount of oxygen in the mineral oil was estimated to
1.6±0.2 wt.% and in the synthetic oil it was 10.1±0.1 wt.%.
After oxidation at 550◦C, the synthetic oil produced almost
25% more soot than the mineral oil. The amount of oxygen in
the soot produced by the mineral oil was 24.9±0.5 wt.% and
in the soot derived by the synthetic oil it was 23.4±0.5 wt.%.
Seemingly, the degradation of the mineral engine oil goes via
the formation of oxidized aliphatics. Interestingly, the soot
derived from the mineral oil at 550◦C was similar to com-
bustion chamber deposits (CCDs) derived from the same oil
in a previous study in terms of oxygen content and chemical
composition.
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