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1. Infroduction

It is well known that oil manufacturers add a certain

ABSTRACT: Engine oil is one of the key elements to protect and to increase the life of
the lubricated engine parts. However, it gets contaminated by external particles either
in filtration or during combustion, which produces deterioration in some of the engine
parts which are being lubricated. In that sense, delays and very expensive repairs are
generated at the maintenance workshops due to the high contamination in oils and to
the late detection of the deteriorated parts. This work presents an analysis of used oils,
extracted from hot and cold engines of 2.5-liter engine pick-up trucks, by using the two
methods of the X-ray fluorescence technique (XRF): standard-less and calibrated, in
order to determine the elements present and to establish the engine parts that wear
out more easily and thus, to help with predictive maintenance of the trucks. The results
are also useful for comparison purposes and to evaluate the effectiveness of the XRF
technique in analyzing these types of samples.

RESUMEN: El aceite motor es uno de los elementos clave para proteger e incrementar
la vida de las partes del motor que estan siendo lubricadas. Sin embargo, este se
contamina por particulas externas, bien sea por filtracion o durante la combustidn,
deteriorando algunas de esas partes lubricadas del motor. En ese sentido, la alta
contaminacion en aceites y la deteccion tardia de las partes deterioradas generan
retrasos y reparaciones costosas en los talleres de mantenimiento. Este trabajo
presenta un analisis en aceites usados, extraidos de motores calientes y frios de
camionetas de motor 2.5 litros para determinar los elementos presentes y establecer
las partes del motor que se deterioran mas facilmente. Esto se hace por medio de
los métodos “sin-estandares” y “calibrados” de la técnica de fluorescencia de rayos X
(FRX).

can be carried to the filter and removed. Some
detergent chemicals, in addition, also neutralize the
acidic by-products of combustion. In doing so, they
function as corrosion inhibitors [2].

percentage of detergents as additives to the engine’s
lubricating oil in order to contribute to engine cleanliness,
provide protection and neutralize potentially corrosive
acids [1]. Thus, detergents aid in the control of deposits
and help keep contaminants suspended in the oil so they
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Additives, therefore, help the engine by protecting it
against the elements that can appear in the engine
oil either from production [(manufacturer), external
atmosphere, and/or engine parts that wear out. Here, it
must be stated that oil manufacturers do not list their
oil composition (since it is an industrial secret), and also
because it depends on the necessities of each engine
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and the fundamental application for which the engine is
intended. The typical metallic elements that can be found
in the additives of engine oils are: Zinc, Phosphorus,
Calcium, Sodium, Barium, Boron, and Magnesium, in
different concentrations and for different purposes [3].
However, as it will be shown later in this paper, depending
on the content of certain elements found in a sample, they
might be coming from the wear and not really from the
lubricant additives (see Table 1).

Naturally, it is evident that after using the engine oil,
the additives are not only are consumed, but the oil gets
contaminated due to physical or chemical impurities.

The analysis of contaminants in fuels and lubricants
is nowadays an important and growing tendency; in part
due to the environmental regulations worldwide (see,
for example [4], [5]). In that sense, in the case of the
automotive industry, for example, the majority of the
reports are made mainly with the purpose of reducing the
contaminants (such as phosphorous, sulfur, and metals)
when the lubricants are being manufactured (see, for
example, references [6], [7]), so that manufacturers also
help not only in protecting the engine by adding additives
but also in reducing the pollution or other possible types
of environmental contamination.

On the other hand, in mechanical workshops, it is very
important to perform analysis in engine oils mainly
considering the following reasons [3]:

(i) to evaluate characteristics of the oil being used.
(ii) to diagnose oil conditions.
(iii) to optimize periods of use.
(iv) to track the machine’s mechanical condition

Thus, mechanical workshops execute Llubrication
programs in order to i) improve the reliability of the
components and/or monitor the condition of the lubricant,
ii) reduce unscheduled stops, iii) schedule maintenance
activities more efficiently, iv] detect potential failures
before they occur and v) reduce lubricant consumption by
arranging optimum oil drain intervals.

On the other hand, it is also important to mention that
for decades, some of the most frequent techniques
employed to analyze the engine oil elements with
diagnosing purposes have been the Atomic Absorption
spectroscopy, Ferrography, and Infrared spectroscopy (see
[8]). Currently, the energy dispersive X-ray fluorescence
spectroscopy (EDXRFS) and the inductively coupled plasma
atomic emission spectroscopy (ICP-AES) have also been
added and are frequently used for determining elements
in both liquid and solid samples. Authors in reference [9]
have made an attempt to investigate the adaptability of
the EDXRFS for elemental analysis of different engine oils
when compared with the results given by ICP-AES. This is

due to the elemental composition of engine oil changes
during its normal use.

Several reports have also been found in the literature for
the determination of the elemental composition in oils by
using the EDXRF technique (see [10], [11], [12]). However,
to the best of the author’s knowledge, only references [3],
[8], [13], and [14] were found with the purpose of detecting
and correcting the engine parts that wear out more easily
and contaminate the engine oil when something is not
functioning properly in the engine. Though, except for the
works of Tormos [3] and Valderrama and Lépez [8], none of
the cited studies were specifically done for the automotive
industry.

This paper presents an analysis, by means of the X-ray
fluorescence (XRF) technique, in used oil extracted from
“hot” and “cold” engines of five 2.5 liter engine pick-up
trucks in order to determine the elements present and to
evaluate the effectiveness of the technique in helping with
predictive maintenance of the trucks. Here it is important
to remind that 2.5 L (or 2,500 cc) is related to the sum
of all cylinders” displacements. The XRF measurements
were developed by means of the “standard-less” and the
“calibrated” methods also to allow a comparison between
them and to evaluate the effectiveness of each of the
methods in this type of samples.

2. Experimental procedure

Before explaining the materials and methods, it is
necessary to say that the use of a synthetic oil of known
composition would help allow engine wear elements to be
traced. However, as said previously, every oil composition
is an industrial secret, and it was not possible to use such
method here.

Two different commercial diesel engine oils were used
in this research: SAE 10W-40 and SAE 15W-40. This was
as a decision taken by the maintenance workshop which
provided the samples for this study as they decided to
change the oil type from SAE 10W-40 to SAE 15W-40 while
the experiments were being performed. Therefore, as a
reference, two samples, one for each diesel engine oil type,
were taken directly as they come from the manufacturer.
These commercial reference samples of diesel engine oils
were thus labeled as 10WV for SAE 10W-40, and 15WV for
SAE 15W-40. From here, readers should understand that
the term “clean oils” is used for both unused commercial
oils T0WV and 15WV.

For the used engine oils, a set of five 2.5 liter engine
pick-up trucks were selected for this experiment. All
the trucks were chosen in such a way that the vehicle’s
utilization was in the range of about 85,000 to 160,000
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Kilometers. Every time a truck was brought to the
maintenance workshop, a sample of engine oil was
extracted at half of the oil deposit (crankcase) for all the
trucks in two ways:

(i) by ensuring that the oil was still hot, i.e., when it is
supposed that all the elements presentin the oil were
still mixed,

(i) whenthe oilwas cold, i.e., whenitis expected that the
heavy elements have already fallen to the bottom, so
that they were no longer mixed.

So, using these methods, 2 or 3 sets of each, “cold” and
“hot”, engine oils were taken from every truck. Again, it
is important to highlight and to keep in mind that during
their maintenance, the trucks were lubricated with the
two types of diesel engine oils 10WV and 15WV mentioned
above in different periods of time. Also, the “used”
samples were labeled as: Truck X where X is the vehicle
number (from 1 to 5).

The XRF measurements were carried out by a benchtop
XRF spectrometer -PANalytical MiniPal2 equipped with low
power, Rh anode X-ray tube, and a Si-PIN semiconductor
detector. All measurements were performed at least twice
in order to obtain more accurate results and obtain the
error bars. The conditions for the XRF experiments were
the following:

i) The ones by means of the “standard-less method” with
open filter, under helium, at 10 kV, 3 A and during 120
seconds. It is important to say here that the standard-less
method was applied only for the "hot” samples i.e., for the
samples that were taken when the oil was still hot.

ii) The ones by means of the “calibrated method” with open
filter, under helium, during 140 seconds for each sample
and i) with 10 kV and 20 mA for the heavy elements, and ii)
with 6 kV and 60 mA for the light elements.

For the calibrated methods, seven samples were prepared
from a “highly contaminated” engine oil (this term will
be explained later], and measured by means of atomic
absorption spectroscopy [(AAS), and thus, obtaining
accurate data for the calibration of the XRF equipment. A
brief description of the preparation of the seven samples
for the AAS technique is given next:

in order to have a mixture of the components of the “clean
oils” (both 10WV and 15WV] within the “contaminated” oil,
the set of seven samples were prepared by using equal
contributions of 10WV and 15WV in different percentages
of them, mixed up with the contaminated oil.

The clean oils amounts vary from 80% in sample S1
to 20% in sample S7 in steps of 10%. This means that
sample S1is made of 40% of TOWV + 40% of 15WV + 20% of
contaminated oil, and sample S7 has 10% of 10WV + 10%

of 15WV + 80% of contaminated oil.

These seven samples were then measured by means of
the atomic absorption spectroscopy (AAS). Unfortunately,
due to technical limitations, the AAS measurements were
performed only for the Al, Co, Cr, Ni, Si and Fe elements.

The later XRF measurements [(i.e. the ones by means
of the calibrated method) were, therefore, only limited
to these elements in order to follow exactly the results
obtained by the AAS technique. However, as it will be
shown in the following section, these chosen/measured
elements come mainly from the wear of the motor and
not from other components such as additives [8], [15],
so that this ensures that the obtained results by the XRF
technique will accomplish their main purpose which is to
help with the predictive maintenance of the trucks (in case
of by XRF, any of the elements results in a high content).

3. Results and discussion

Table 1 summarizes the elements that, according to
literature ([11-[3], [8], [12], [13], [15], [16]), and experienced
engineers, might come either from the engine wear (EW],
from external contamination (EC), and/or from the
additives (Add). The table is also presented essentially as
“guidelines” because that information is not easy to be
obtained in any specific book.

The upper part of the table contains the typical element
limits for Diesel engine oil. These values are used as
guidelines for the interpretation of the XRF results,
and are classified as moderate or critical. Obviously,
no maintenance action is required for moderate levels,
and any value higher than the critical range requires
immediate action.

It must be remarked here that there are not limit values for
the elements coming from the additives because, as said
before, supplying additives depends on the necessities of
each engine and the fundamental application for which
the engine is intended. However, an oil for diesel engines
such as the ones with technical specifications given by API
Cl-4 (to which the SAE 15W-40 belongs), will have about
3300 ppm of detergent/dispersant.

3.1 The standard-less method

Figures 1 to 5 show the XRF results and the resulting
elemental composition (in percentage) for all the trucks.
In these results, no traces of Al have been found (so, they
are not reported here]. Column charts are made with
the purpose of having a visual indication of any existing
trend for each element (with the vehicles utilization). As a
reference, all the figures also display the obtained values
for the two (unused) commercial diesel engine oils.
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Figure 1 Resulting elements for the hot samples from Truck 1
as obtained by XRF via the standard-less method. The values
indicated in the table below the figure are given in %
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Figure 2 Resulting elements for the hot samples from Truck 2
as obtained by XRF via the standard-less method. The values
indicated in the table below the figure are given in %
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Figure 3 Resulting elements for the hot samples from Truck 3
as obtained by XRF via the standard-less method. The values
indicated in the table below the figure are given in %
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Table 1 List of detectable elements in engine oils. Sources:
references [1]-[3], [8], [12], [13], [15], [16]

Element Moderate  Critical  Source
(PPm*)  (ppm®)

Iron (Fe) < 60 60-100 EW
Chromium (Cr) <10 10-15 EW
Copper (Cu) <15 15-30 EW
Aluminum (A1) <15 15-20 EW
Nickel (Ni) <5 5-10 EW
Lead (Pb) <25 25-30 EW
Tin (Sn) <5 5-15 EW, EC
Silicon (Si) <15 15-20 EW, EC

Element Source

Zinc (Zn) Add

Phosphorous (P) Add

Calcium (Ca) Add

Sodium(Na) Add, EC

Barium(Ba) Add

Boron (B) Add, EC

Magnesium (Mg) Add
Molybdenum (Mo) Add
Sulfur (S) Add
Potassium (K) Add, EC

@ To convert from ppm to percent, the given ppm value should
be divided by 10,000. Thus, (%) = z(ppm)/10, 000.

Two main conclusions can be extracted from these
figures/results:

(i) several of the elements that come from the engine
wear have been detected (see Table 1). However,
all of them have also been detected in the two
(unused) commercial diesel engine oils, except the
Crin the 10WV, and Mg in the 15WV, which were not
detected in any of the two samples. One possible
explanation for these detections is that in the
standard-less method, there might be superposition
of energy peaks, and the elements represented in
the spectrum do not actually correspond to the real
elements present in the sample.

(ii) even if they are low values in content, in general, the
resulting values are still extremely high if compared
with the values shown in Table 1 (notice that the
values listed in the table are in ppm). So, the results
obtained by the standard-less method would suggest
an immediate action for all the trucks.

Thus, since one of the main objectives of this study is
to evaluate the applicability of the XRF methods, these
results suggest that, although the XRF technique is able
to detect any trace/presence of all possible elements, and
with a high sensitivity, the standard-less method is not
the most appropriate for measuring this kind of samples.
This is because within the technique, the energies can be
mixed up and the detected Ko lines could be actually Lo
lines from other elements.
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For clarification, and also with the purpose of collecting
the information in one specific place, the following lines
are dedicated to give a brief description for each of the
“obtained” oil elements in order to interpret the results in
case these elements were indeed present in the oil.

First of all, it is obvious from the results that Zn is the
element with the highest concentration in the measured
samples. As shown in the elements of Table 1, Zn is
coming from oil additives, from which the main candidate
is the zinc dialkyldithiophosphate (ZDDP). It is widely
used in lubricating engine oils playing a role as both, an
antioxidant and an anti-wear additive (and multipurpose
in general) which acts as a film to surround metal parts,
helping to keep them separated [3], [17]. The obtained Zn
values are therefore, harmless to the engine.

Magnesiumis commonly used in engine oils as magnesium
sulfonates and it is related to the detergent additive
packages mentioned above [1]. It provides some
alkalinity to help neutralize acids formed from diesel
fuel combustion. Some manufacturers reportedly prefer
its use because they feel it improves rust production.
Regarding the results of the specific measured samples,
the obtained traces of Mg will not damage the engine.
Also, as said before, this element was not detected in the
commercial engine oil 15WV.

Silicon is used in many oil types as an antifoaming
additive. However, silicon could come from a variety
of sources such as silicon sealant, steel metal alloy,
foundry dust, common dirt, fly ash, coolant additive, etc.
Considering this, it is very important to know these sources
in order to conclude why/how the silicon is present in
the oil and to take future actions to remove the silicon if
necessary [18].

It is indispensable to consider that silicon is the
second-most abundant element on the planet after
oxygen. However, as such, it is not found naturally in
elemental form but rather combined with oxygen in a
compound called silicon dioxide (SiOs) (or silica). Silica
occurs in a free form (quartz, sand, etc.) or combined with
a variety of metallic oxides, in which case it is called a
silicate (e.g., Felspar). Silicone is another class of silicon
compounds that should not be confused with silica and
silicates. Silicones are man-made organic compounds
that find extensive application in the polish, paint, and
lubrication industries [19].

Silica and silicates make up a large proportion of
the earth’s crust and as such are present at high
concentrations in natural soils and dusts. It is for this
reason that silicon is used as the main indicator of dust
entry into a component [19].

90.0

75.0

600 ———Truck 4

45.0

30.0
15.0

Percentage (%0)

0.0 [m=im s [ e

Mg Si S Fe Ni Cu Zn Sn Cr

m94528km | 4.0 0.9 4.9 0.9 2.0 56 | 770 | 48 04

100605 km| 3.0 1.0 4.8 0.9 1.9 54 | 780 | 5.0 0.3

m104745km| 5.0 0.8 55 0.8 17 43 | 770 | 41 0.3

= 10WV 30 | 16 | 45 | 10 | 1.7 | 47 | 790 | 47 | 00
15WV 00 | 10 [ 50 | 09 | 18 | 54 [ 830 26 | 04
Elements

Figure 4 Resulting elements for the hot samples from Truck 4
as obtained by XRF via the standard-less method. The values
indicated in the table below the figure are given in %

Since the content of Si increases in the samples taken
from the Trucks 3 to 5, it is assumed that its presence is
due to atmospheric dust (Silica). In Trucks 1 and 2, the
value decreases, even when compared with the the two
(unused) commercial diesel engine oils (although this
element, should not have been detected in the commercial
ones). This decrease is probably due to a change of the
air and fuel filters when the truck was brought in for
maintenance.

A low amount of the sulfur element can also be detected in
the samples. This is because the additive ZDDP, which was
mentioned before and is used almost universally in engine
oils, contains four atoms of sulfur, two of phosphorus and
one of zinc (which can form ash) [20]. In addition, sulfur is
used in many extreme pressure (EP) oils as an EP additive.
When there are elevated temperatures, such as those
experienced by the engine due to the amount of work
(RPM], the sulfur reacts forming a sulfide layer. Extreme
pressure agents bond to metal surfaces, keeping them
from touching even at high pressure. However, sulfur
content is critical for oil manufacturers due to the later
atmospheric contamination. Thus, its amount as additive
depends on the necessities of each engine.

Tin (Sn) is the only element that presents the most
notorious changes among the samples. In all the cases
there is a small increase with the vehicles utilization,
except for Truck 2 where it decreases. This last case
is probably due to the change of the air and fuel filters
mentioned above. From the results, notice that the two
(unused) commercial diesel engine oils already have
similar Sn values (at least for the “clean” 15WV sample)
so, the Sn might not really be in the samples, but it is an
effect of applying an erroneous measurement method. In
any case, Sn is usually found in bearings (Pb-Sn, Cu-Sn,

13
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Figure 5 Resulting elements for the hot samples from Truck 5
as obtained by XRF via the standard-less method. The values
indicated in the table below the figure are given in %

AL-Sn), brass or bronze bushings, flashing from pistons
and lubricant lines. Tin associated with lead and copper in
engines indicates bearing wear [15], [16].

Analyzing the obtained values for the remaining four
elements Fe, Ni, Cu and Cr, the measured samples (from
Trucks 1 to 5) have about the “same” elemental content
if compared with the content of the (unused) commercial
diesel engine oils. Since these elements come only from
the wear of the engine, these values should not have been
detected in the unused engine oils. Thus, again, these
results might be due to the superposition of energy peaks,
and they might not be the real elements present in the
sample. Anyway, a brief explanation of the presence of
each of the elements in the engine oil is also given next.

Because iron is the most used construction material,
sources are often varied [16]. It mostly comes from
cylinder liners, gears, crankshaft, camshaft, bearings,
housings, rust, rings, valve train, oil pump gear, rods,
wrist pins, and cast iron components [15], [16]. It is usually
found as fine particles due to abrasion or wear.

Nickel is probably the most common metal found
in engines, gear systems, hydraulic systems, and
transmissions. It comes from roller bearings, camshaft
and followers, thrust washers, valve stems, valve guides,
alloy valves, crankshafts, bearings, and shafts [15], [16].

Copper is a soft metal present in gears, main and rod
bearings, thrust washers, oil cooler cores, clutch plates,
brass and bronze bushes, and roller bearing outer cage.
In engines, its presence should be due to internal coolant
leaks (as the water pump leak) or coolant core. If copper
is found along with potassium, sodium and glycol, it will be
coming from the oil cooler, but if it is found along with lead
and tin, it will be coming from bearing or bushing [15], [16].

The presence of chromium indicates something harder is
present usually silica and alumina. It is a hard metal
generated from roller bearings, piston rings, shaft plating,
shafts, rods, gears, needle bearings, liners, exhaust valves
and stainless steel alloys. As said before, Cr has not been
detected in the “unused” 10WV sample.

3.2 Atomic absorption measurements

In order to carry out the “calibrated methods” for XRF,
obviously, it is necessary to calibrate the equipment with
samples with a high degree of certainty on their elemental
composition. For doing this, AAS results were used for the
calibration of the XRF equipment.

The samples for AAS, explained in the experimental
section, were obtained by using an engine oil which, in
principle, is expected to have higher values of engine wear
elements, or better called here as “highly contaminated”
engine oil. Thus, an engine oil sample was extracted
from a vehicle which had more than 200,000 km and
which did not comply with the periodical maintenance, as
established by the factory (in this way, it is expected that
the engine oil would have a bigger amount of contaminant
elements).

It should be highlighted here that all vehicles in this
study were brought to the maintenance workshop as
expected by the manufacturer but this one used for the
AAS measurements was not. AAS results are listed in
Table 2.

For readers who are not familiar with the XRF technique, it
is important to say that these resulting calibration values
are directly entered to the XRF machine, so there is no
need to show a calibration curve here.

Table 2 Atomic absorption results (in ppm)

Sample Al Cr Cu Fe Ni Si
s1 <5 <1 <02 0329 <03 <5
s2 <5 <1 <02 04047 <03 <5
s3 <5 <1 <02 04004 <03 <5
s4 <5 <1 <02 0388 <03 <5
S5 <5 <1 <02 02724 <03 <5
S6 <5 <1 <02 03059 <03 <5
s7 <5 <1 <02 02302 <03 <5
3.3The calibrated method for the

measurements of the “hot samples”

As in the previous case, the Figures 6 to 10 display the XRF
results for the hot samples of the 5 trucks by means of



C. A Palacio et al.,, Revista Facultad de Ingenieria, Universidad de Antioquia, No. 104, pp. 9-19, 2022

6.0
50 1
Truck 1
40 1
c 30 1
o I
Q'ZO, — . 17
I I
10 1 | —
00 A Cu cr Ni Si Fe
[m154086km| 5062 | 1214 | 0027 | 2069 | 5305 | 0.340
[#159,745km| 0000 | 1421 | 1421 [ 2487 | 2110 | 0.450
Elements

6.0
50 +—
40 1
€ i
E 30
o
20 1
10 1
00 1 Cu Cr
[W104750km| 3.071 | 2384 | 1252 | 3.328 | 5178 | 0.274
[#110068km| 5183 | 1.800 | 0.607 | 2.873 | 5298 | 0.154
[W115111km| 3123 | 1528 | 0567 | 2.342 | 3979 | 0.263
Elements

Figure 6 Resulting elements for the hot samples from Truck 1
as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm

the “calibrated method”. In these figures, their resulting
elemental compositions are shown in parts per million
(ppm).

From the results, it is clear that there is a big difference
when compared with the standard-less results shown
before. Since these results are comparable with the
ones of the AAS technique, they are more reliable, and
therefore, it can be concluded that using the calibrated
method is not only more accurate but also necessary.
Also, from these results, it is important to highlight that in
the case of the trucks selected here, all the elements are
found to be at a moderate level (see Table 1), so no action
is required for any of the trucks.

As expected, by performing the calibrated method, none
of the 6 elements shown in Table 2 were found in the
two (unused) commercial diesel engine oils (so, they are
not shown)] because these elements are coming from the
engine wear or, as in the case of Si, also from external
contamination.

In these results, in addition, the only one of the obtained
elements that was not mentioned/described before is the
aluminum. It generally comes from pistons, engine block,
turbo bearings, main and rod bearings, pumps, thrust
bearings and washers, plates and aluminum castings [15],
[16].

In Figure 6, it is clear that when the kilometers increase,
there is a slight increase in all the elements except for
aluminum and silicon. The increase is most probably
because the air and fuel filters were not changed (- it is
changed at the maintenance workshop every 10,000 km
-), which produces more contamination of elements and
therefore an increase of them. The Al and Si have reduced
their values probably because the oil has been changed.

Figure 7 Resulting elements for the hot samples from Truck 2
as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm

The result, especially for the Al, might be experimental
since it drops completely to 0,0.

In Figure 7, there are several changes of the elements for
higher mileage. For example Cu, Cr, Ni, and Fe have a
tendency to decrease from the first sample (104,750 km)
to the second one (110,068 km). This might be due to the
change of the oil [from 10WV to 15WV] at that point. As
said before, this was a decision taken by the maintenance
workshop. In this case, however, the Si and Al have also
increased with the increase of the kilometers, but they
are still within the moderate level. Then, most of the
measured elements decrease again from the second
sample to the third one (115,111 km), but this time,
this was probably because the air and fuel filters were
changed. This confirms the necessity of changing the
oil and the air and fuel filters more frequently. It is also
important to highlight the sensitivity of the technique with
any change, which is ideal.

In the results obtained in Truck 3 (Figure 8), the trace of
elements also increase in the first two samples (147,654
km and 152,064 km, respectively) except for the Cu (which
is almost the same value) and the Ni, which decreases a
minimum amount. It is normal to have a slight increase
or decrease of the elements. There is nothing unusual
in these samples even when these first two samples
were lubricated with the 10WV oil, while the sample with
157,430 km was lubricated with the 15WV oil. This change
is the most probable reason why the traces of Cr and Fe
have decreased. In this case, however, atmospheric dust
might have been the reason for the small increase of Si.

In Figure 9, all the elements are present in a very low
amount. Since the values remain almost constant, here
the attention is paid to the Aland Siin the first two samples
(94,528 km and 100,605 km, respectively). Considering the
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Figure 8 Resulting elements for the hot samples from Truck 3
as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm

Figure 10 Resulting elements for the hot samples from Truck 5
as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm

4.0
35
30 1 Truck 4
25
20
g I I
2 15—
1.0 4
05 4 -
00 T Cu Cr
m94528km | 0000 | 1669 | 0518 | 2604 | 1.468 | 0.159
©100,605km| 1.647 | 1721 | 0449 | 2838 | 3100 | 0127
®104,745km| 0000 | 2207 | 0300 | 3181 | 2209 | 0.068
Elements

Figure 9 Resulting elements for the hot samples from Truck 4
as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm

low amounts detected, there are noticeable changes in
these two elements. The increase of the Al might be due
to any of the parts described before and the Si from the
atmospheric dust. However, these values (including the
Fe) decrease again in the third sample, 104,745 km, when
the oil and the air and fuel filters were changed.

Finally, when looking at the results obtained for Truck 5
in Figure 10, it is clear that there is not a considerable
variation among data, and the values remain at a moderate
level.

3.4The calibrated method for the
measurements of the “cold samples”

Figures 11 to 15 display the XRF results by means of the
calibrated method for the cold samples and their resulting

8.0
7.0 ’ =
60 ] Truck 1
50 I
g 40 1
S 301
2.0 1 - M _—
I
1.0 3 SR
00 Tl Cu Cr Ni si Fe
m149647km| 5720 | 1796 | 0393 | 2783 | 5738 | 0.244
=154,086 km| 5.774 1.605 0.218 2.034 5.376 0.311
m159745km| 6541 | 1.394 | 1.119 | 1.699 | 6.866 | 0.611
Elements

Figure 11 Resulting elements for the cold samples from Truck
1 as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm

elemental composition. In this case, the results are also
shown in parts per million (ppm).

As it was previously expected, as a general rule in these
results, it is obvious that there is a decrease in all the
elements present if they are compared with the results of
the calibrated method for the “hot samples” (Figures 6 to
10). This is because when the cold samples are taken, the
heavy elements are stored at the bottom of the crankcase,
causing a decrease of these elements in the sample. This
method is therefore, not ideal (since cold samples might
lead to wrong results) and it is recommended to take the
samples when they are hot.

In any case, a brief description of the behavior of the
elements, according to the results, is given next.

In Figure 11, it is clear that the sample 159,745 km has
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Figure 12 Resulting elements for the cold samples from Truck
2 as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm

a value for the Al, whereas in the “hot case” (Figure 6),
the same sample did not show any Al traces. However, as
said before, this result could be only experimental. The
remaining elements are resulted in low traces and remain
at a moderate level.

In Figure 12, notice that both, the Al and the Si are zero for
the sample 149,647 km. This result could be experimental
(i.e. only present in this particular sample). However, the
sample was measured twice to corroborate any possible
mistake, but the same result was obtained again. The
most logical explanation for this is that the elements went
to the bottom of the crankcase. Also supported by the fact
that the same vehicle gave values when the oil was hot
(mixed).

In Figure 13, the elements are also constant, except for the
Al, which is zero in all the used samples. Again it might
have gone to the bottom of the crankcase.

Figure 14 shows minimal changes, especially for the
decrease of the elements Al, Cu, Ni, and Si when
comparing the samples 100,605 km and 104,745 km. It
is assumed that the changes occur because the first of
these two samples was prepared with the 10WV oil and
the second one with the 15WV oil.

Figure 15 also shows a decrease especially in Al and Si.
Again, these elements might have gone to the bottom of
the crankcase.

4. Conclusions

For the first time, in this study, it has been possible to
perform an analysis, by using the two methods of the X-ray
fluorescence technique in used engines oils of 2.5-liter
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o
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00 TR cr Ni
m147654km| 0000 | 1648 | 0.778 | 2399 | 1580 | 0218
=152064km| 0000 | 1685 | 0423 | 2587 | 1543 | 0233
=157430km| 0000 | 1628 | 1277 | 2134 | 2793 | 0527
Elements

Figure 13 Resulting elements for the cold samples from Truck
3 as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm
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m104,745km| 0.183 1.711 0.607 2.540 1.744 0.159

Elements

Figure 14 Resulting elements for the cold samples from Truck
4 as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm
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Figure 15 Resulting elements for the cold samples from Truck
5 as obtained by XRF via the calibrated method. The values
indicated in the table below the figure are given in ppm
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engine pick-up trucks: the standard-less and the calibrated
one.

If the analysis of engine oil samples, as the ones presented
in this paper, are to be performed by means of the XRF
technique, it is recommended to use only the “calibrated”
method, since the nature of the method is in a more
controlled way.

When comparing the results for hot and cold samples,
it has been proven that in the cold samples, the heavy
elements are stored at the bottom of the crankcase
(as expected) and therefore, causing a decrease of the
elements. Thus, it is recommended to collect the samples
when they are still hot because of cold samples might lead
to wrong results.

Any trace of the elements found in the engine oil samples
coming either from the detergents/additives (added by
the manufacturer to the engine’s lubricating oil), external
contaminants (such as dust] and/or from the engine wear
can be detected with the XRF technique. However, in
future experiments, in order to obtain data with higher
precision, the XRF technique with calibration curves
should be used for the detection of these heavy metals
generated by the engine wear.

From the XRF results, all the elements are found to be at
a moderate level, so no action is required for any of the
trucks.

The results also suggest that the change of the air and
fuelfilters, and also the change of the engine oil, when the
truck is brought in for maintenance, causes a decrease
in the majority of the elements found in the engine oils.
To avoid corrosion or higher content of the elements,
this could be an important factor to take into account for
the predictive maintenance of the trucks. It is therefore,
recommended to change them on a more frequent basis.

It is also important to mention here that the use of the two
different diesel engine oils did not generate damage to the
engine (or any wear] though the XRF technique detected
such an oil change.

5. Declaration of competing interest

We declare that we have no significant competing interests
including financial or non-financial, professional, or
personal interests interfering with the full and objective
presentation of the work described in this manuscript.

6. Acknowledgments

Authors would like to thank to the Universidad Antonio
Narino and to the Pedagogical and Technological University
of Colombia for providing the facilities to conduct this
study. Authors thank engineers Fabian Lopez and Brayam
Brand for providing the samples for this study.

7. Funding

This work was supported by grant PI/UAN-2021-695GFM.

8. Author contributions

Carlos Palacio planned the experiments, helped in the
interpretation of the results and wrote the manuscript.
Kelly Medina performed the experiments and contributed
to the samples preparation and Yaneth Pineda provided
critical feedback and helped shape the research, analysis
and manuscript.

9. Data Availability Statement

The data that support the
study are openly available in
http://doi.org/10.17632/49v4wjwp5n.1

findings of this
Mendeley Data at

References

[11 S. P. O’Connor, J. Crawford, and C. Cane, “Overbased lubricant
detergents - a comparative study,” Lubrication Science, vol. 6, no. 4,
pp. 297-325, 1994. [Onlinel. Available: https://onlinelibrary.wiley.
com/doi/abs/10.1002/1s.3010060402

[2] N.S. Ahmed and A. M. Nassar, “Lubricating oil additives,” Tribology
- Lubricants and Lubrication, oct 2011, iSBN 978-953-307-371-2.
[Onlinel.  Available: https://www.intechopen.com/books/
tribology-lubricants-and-lubrication/lubricating-oil-additives

[3] B. Tormos Martinez, “Contribuciéon al diagnéstico de motores
diesel basado en el andlisis del lubricante usado,” Tesis
doctoral, Unversidad Politécnica de Valencia, Valencia, 2002,
iSBN: 84-699-9612-6. [Onlinel. Available: http://datos.bne.es/obra/
XX3476941.html

[4] Automotive Fuels. Unleaded Petrol. Requirements and Test Methods,
European Standard BS EN 228:2012/A1:2017, 2017.

[5]1 Automotive fuels - Diesel - Requirements and test methods (includes
Amendment 2017], European Standard DIN EN 590, 2017.

[6] E. Ito and J. A. R. van Veen, “On novel processes for removing
sulphur from refinery streams,” Catalysis Today, vol. 116, no. 4, pp.
446-460, sep 2006. [Onlinel. Available: http://www.sciencedirect.
com/science/article/pii/S0920586 106004093

[7]1 C. Song, “An overview of new approaches to deep desulfurization
for ultra-clean gasoline, diesel fuel and jet fuel,” Catalysis Today,
vol. 86, no. 1, pp. 211-263, nov 2003. [Online]. Available: http:
//www.sciencedirect.com/science/article/pii/S0920586103004127

[8] A.Valderrama Romero and W. Lopez Miranda, “Diagnéstico técnico
de motores diesel mediante el andlisis estadistico del aceite
lubricante,” Hidréulica y termofluidos, vol. 2, no. 2, pp. 24-31,


https://onlinelibrary.wiley.com/doi/abs/10.1002/ls.3010060402
https://onlinelibrary.wiley.com/doi/abs/10.1002/ls.3010060402
https://www.intechopen.com/books/tribology-lubricants-and-lubrication/lubricating-oil-additives
https://www.intechopen.com/books/tribology-lubricants-and-lubrication/lubricating-oil-additives
http://datos.bne.es/obra/XX3476941.html
http://datos.bne.es/obra/XX3476941.html
http://www.sciencedirect.com/science/article/pii/S0920586106004093
http://www.sciencedirect.com/science/article/pii/S0920586106004093
http://www.sciencedirect.com/science/article/pii/S0920586103004127
http://www.sciencedirect.com/science/article/pii/S0920586103004127

C. A Palacio et al.,, Revista Facultad de Ingenieria, Universidad de Antioquia, No. 104, pp. 9-19, 2022

(10l

[11]

(2]

[13]

2001. [Online]. Available: http://sisbib.unmsm.edu.pe/BibVirtual/
Publicaciones/hidraulica_mecanica/2001_n2/diagnostico.htm

R. Sagi, N. Miskolczi, L. Bartha, and P. Halmos, “Elemental
analysis of engine oils using energy dispersive x-ray fluorescence
spectroscopy [(edxrfs] and inductively coupled plasma atomic
emission spectroscopy licp-aes),” Petroleum & Coal, vol. 50, no. 1,
pp. 1-10, mar 2008. [Online]. Available: https://www.vurup.sk/
petroleum/2008/volume-50/

N. Miskolczi, L. Bartha, J. Borszéki, and P. Halmos, “Determination
of sulfur content of diesel fuels and diesel fuel-like fractions of
waste polymer cracking,” Talanta, vol. 69, no. 3, pp. 776-780, may
2006. [Online]. Available: http://www.sciencedirect.com/science/
article/pii/S0039914005007344

J. K. Vilhunen, A. von Bohlen, M. Schmeling, R. Klockenkamper,
and D. Klockow, “Total reflection x-ray fluorescence analyses of
samples from oil refining and chemical industries,” Spectrochimica
Acta Part B: Atomic Spectroscopy, vol. 52, no. 7, pp. 953-959, jul 1997.
[Online]. Available: http://www.sciencedirect.com/science/article/
pii/S0584854796016096

A. Zararsiz, R. Kirmaz, and P. Arikan, “Determination of wear
metals in used lubricating oils by x-ray fluorescence spectrometry,”
Nuclear Instruments and Methods in Physics Research Section B:
Beam Interactions with Materials and Atoms, vol. 108, no. 4, pp.
385-388, mar 1996. [Onlinel. Available: http://www.sciencedirect.
com/science/article/pii/0168583X95011560

F. Saldivia, “Aplicacion de mantenimiento predictivo. caso
estudio analisis de aceite usado en un motor de combustién
interna,” Innovation in Engineering, Technology and Education
for Competitiveness and Prosperity: ~ Proceedings of the 11th
Latin American and Caribbean Conference for Engineering and

[14]

(18]

[16]

(171

(18]

[19]

[20]

Technology, oct 2013. [Online]. Available:
LACCEI2013-Cancun/RP264.html

J. Felix Navarrete and C. Chavez Venegas, “Andlisis de aceite de
los motores diesel de un buque pesquero para mantenimiento
predictivo,” Guayaquil - Ecuador, feb 2009. [Onlinel. Available:
http://www.dspace.espol.edu.ec/handle/123456789/954

L. G. Viteri Bonilla and J. C. Jaramillo Hidalgo, “Andlisis de la
degradacion de aceites lubricantes y propuesta de planes de mejora
para el mantenimiento del equipo pesado del ilustre municipio
del cantén archidona,” Riobamba - Ecuador, nov 2011. [Online].
Available: http://dspace.espoch.edu.ec/handle/123456789/947

A. Mayer, “4 oil analysis tests to run on every sample,” 2006.
[Online]. Available: https://www.machinerylubrication.com/Read/
854/oil-analysis-tests

A. M. Barnes, K. D. Bartle, and V. R. A. Thibon, “A review of
zinc dialkyldithiophosphates (zddps: characterisation and role in
the lubricating oil,” Tribology International, vol. 34, no. 6, pp.
389-395, jun 2001. [Online]. Available: http://www.sciencedirect.
com/science/article/pii/S0301679X01000287

M. Spurlock and S. Heston, “Evaluating the source of silicon in oil,”
2008. [Online]. Available: https://www.machinerylubrication.com/
Read/1356/silicon-oil-source

J. Evans and G. Blevins, “High silicon in engine oil analysis,” 1998.
[Online]. Available: https://www.machinerylubrication.com/Read/
89/silicon-engine-oil

H. Spikes, “Low- and zero-sulphated ash, phosphorus and sulphur
anti-wear additives for engine oils,” Lubrication Science, vol. 20,
no. 2, pp. 103-136, 2008. [Onlinel. Available: https://onlinelibrary.
wiley.com/doi/abs/10.1002/ls.57

http://www.laccei.org/

19


http://sisbib.unmsm.edu.pe/BibVirtual/Publicaciones/hidraulica_mecanica/2001_n2/diagnostico.htm
http://sisbib.unmsm.edu.pe/BibVirtual/Publicaciones/hidraulica_mecanica/2001_n2/diagnostico.htm
https://www.vurup.sk/petroleum/2008/volume-50/
https://www.vurup.sk/petroleum/2008/volume-50/
http://www.sciencedirect.com/science/article/pii/S0039914005007344
http://www.sciencedirect.com/science/article/pii/S0039914005007344
http://www.sciencedirect.com/science/article/pii/S0584854796016096
http://www.sciencedirect.com/science/article/pii/S0584854796016096
http://www.sciencedirect.com/science/article/pii/0168583X95011560
http://www.sciencedirect.com/science/article/pii/0168583X95011560
http://www.laccei.org/LACCEI2013-Cancun/RP264.html
http://www.laccei.org/LACCEI2013-Cancun/RP264.html
http://www.dspace.espol.edu.ec/handle/123456789/954
http://dspace.espoch.edu.ec/handle/123456789/947
https://www.machinerylubrication.com/Read/854/oil-analysis-tests
https://www.machinerylubrication.com/Read/854/oil-analysis-tests
http://www.sciencedirect.com/science/article/pii/S0301679X01000287
http://www.sciencedirect.com/science/article/pii/S0301679X01000287
https://www.machinerylubrication.com/Read/1356/silicon-oil-source
https://www.machinerylubrication.com/Read/1356/silicon-oil-source
https://www.machinerylubrication.com/Read/89/silicon-engine-oil
https://www.machinerylubrication.com/Read/89/silicon-engine-oil
https://onlinelibrary.wiley.com/doi/abs/10.1002/ls.57
https://onlinelibrary.wiley.com/doi/abs/10.1002/ls.57

