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Abstract

Dose the blackened lubrication oil needs to be replaced for flying safety? Since there is very limited room for inaccurate
assessment of oil quality due to strict flying safety standards, much aviation lubrication oil is disposed in advance long before
their service life. More important, aircrafts still face the fatal challenges from unpredictable lubrication oil deterioration. Color
change is surely a significant signal to diagnose the quality of lubrication oils. Based on the colorimeter, the color numbers
of the testing lubrication oils are measured in this paper to identify the color variation degree of the oxidized lubrication oils.
Then the molecular structures of the oxidized lubrication oils are investigated to find the intrinsic relationship between the
oxidation products and color numbers. Based on key performances of the oxidized oil samples, the oil quality is undoubtfully
deteriorated which is coincident with the variation of color number. The color numbers of the used aviation lubrication oils
could provide an alternative way to readily and quickly measure the decline degree and residual lifetime.
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Abstract:Dose the blackened lubrication oil needs to be replaced for flying safety? Since there is very
limited room for inaccurate assessment of oil quality due to strict flying safety standards, much aviation
lubrication oil is disposed in advance long before their service life. More important, aircrafts still face the
fatal challenges from unpredictable lubrication oil deterioration.

Color change is surely a significant signal to diagnose the quality of lubrication oils. Based on the colorimeter,
the color numbers of the testing lubrication oils are measured in this paper to identify the color variation
degree of the oxidized lubrication oils. Then the molecular structures of the oxidized lubrication oils are
investigated to find the intrinsic relationship between the oxidation products and color numbers. Based on
key performances of the oxidized oil samples, the oil quality is undoubtfully deteriorated which is coincident
with the variation of color number. The color numbers of the used aviation lubrication oils could provide an
alternative way to readily and quickly measure the decline degree and residual lifetime.

Keywords:Color Variation; Lubricating Oils; Oxidation Products; Color Number; Molecular Structure

1 Introduction
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The color darkening process of lubrication oils has been making sense of consumers and researchers out of
confusion when makes decisions that the deteriorated oils should be replaced. Especially in the application
of aviation lubrication oils, there is very limited room for the inaccurate assessment of the oil quality due to
the strict flying safety standards. Many researches of the oils color number have established many interesting
assessment standards about our daily life1-4. In industrial field, the color index of transformer insulating oil
has been considering the very critical in ensuring the safety as well as optimal performance of the equipment5.
The color of oils could also lead to some important application6 which is vital towards our living environment.

To be the important component of effective lubrication system, the aviation lubrication oil is facing the
challenge of color change which is usually related to the quality deterioration of the oils. Colorimeter has a
long history for measuring the quality of the refined petroleum products since 19337-9, which also suggests
the color is an important parameter of aviation lubrication oils. As reported by the previous study10-12,
the molecular structure change and the properties deterioration of the oxidized oil samples are confirmed,
which also result in gradually changing of the oxidized oil samples color. However, the intrinsic relationship
between the oil molecules (oxidizing products and antioxidants) and the resulting color variation needs to
be established which could develop a fast and low-cost strategy to rapidly estimate the oil quality.

On the other hand, the gas chromatography mass spectroscopy (GCMS) is powerful method to be widely
applied to determine from the molecular structures13 and degradation reactions14, 15 to oil quality16 of the
lubrication oils. Based on the conjoint analysis of GCMS and color number, the key performances of the
oxidized oil samples including fully formulated aviation lubrication oils and base oils are measured to study
the relationship between the color, molecular structure and performances of the oxidized oil samples. Towards
a fully formulated aviation lubrication oil, the color number could be an easy-acquired oil quality signal to
fast evaluate the residual life of the in-service oil after the relationship between the color, molecular structure
and performances of the oxidized oil has been established.

2 Experimental Section

Poly-α-olefin (PAO, 3 cSt at 100 oC) and Di-iso-octyl sebacate (DIOS, 3 cSt at 100 oC) base oils are purchased
from Shanghai Foxsyn Chemical Science and Technology Co. Ltd. and Shanghai Aladdin Biochemical
Technology Co. Ltd., respectively. The 928 and 50-1-4Φ aviation lubrication oils are commercially available in
the Henan Hangcai Science and Technology Co. Ltd. Antioxidants, including 2,6-butylated hydroxytoluene
(T501), N-phenyl-1-naphthylamine (T531) and 4,4-diisooctanyldiphenylamine (Tz516) is purchased from
Shanghai Kaiyin Chemicals Co. Ltd. A lab-designed aviation lubrication oil comparative oxidation appliance
is made for the oxidation reactions of the oil samples in this paper. The base oils (PAO, DIOS) and aviation
lubrication oils (928 and 50-1-4Φ) are oxidized in the designed appliance shown in Figure 1 (The detailed
information of the appliance is shown in Figure 1s in SI). The experiment conditions including metal sheet,
oxidation time and oxidation temperature are adjusted in oxidation reactions to produce the oil specimens
with different color numbers.
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Figure 1 The lab-designed aviation lubrication oil comparative oxidation appliance

The color number of the oxidized oil samples could be measured by the petroleum products chromometer
(SYD-0168, Shanghai Jingxi Instruments Co. Ltd.) that follows the petroleum products color number
mensuration standard (SH/T 0168-1992). Differential Scanning Calorimeter (DSC, PerkinElmer DSC 8000)
is applied to determine the incipient oxidation temperature (IOT) of the oxidized oil samples. The Gas
Chromatography-Mass Spectrometry (GC-MS, PerkinElmer Clarus 680/SQ 8T) in this paper is applied to
study the molecular structure of the products in oxidized oil specimens. The total acid number is tested
according to GB/T 7304-2014 standard by automatic potentiometric titrator (model: SQ-600), and the
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antiwear properties of the oxidized oil samples are tested according to GB/T 3142 standard by four-ball
tester (made in Jinan, model: MRS-10G/P).

3Results and discussion

3.1 The color number variation of the oxidized oil samples

The fully formulated aviation lubrication oils, 928 and 50-1-4Φ, are applied in the oxidation reactions per-
forms in the appliance shown in Figure 1. All of the comparative experiments of 928 and 50-1-4Φ aviation
lubrication oils carried out in oil bath at the same time and temperature to produce a same oxidation con-
dition in every single oxidation reaction. After oxidation reaction, the color evolution of the oxidized oil
specimens is very clear in Figure 2.
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Figure 2 The color evolution of 928 (Left) and 50-1-4Φ (Right) aviation lubrication oil oxidized in high
purity dry air without metal sheet (the numbers inset in the square pictures are color numbers measured by
petroleum products chromometer)

According to the color numbers (shown as numbers inset in pictures of oil samples in Figure 2) measured
by the petroleum products chromometer (model: SYD-0168), the 928 and 50-1-4Φ aviation lubrication oil
samples were significantly darkening after oxidized in high purity dry air. As mentioned before, the 928 and
50-1-4Φ aviation lubrication oil samples were treated in same time and temperature to keep every single
experiment in nearly identical circumstances. The oxidized 928 oil samples are presented in the left side of
Figure 2, while the oxidized 50-1-4Φ oil samples are presented in the right side of Figure 2. Compared with
oxidized 50-1-4Φ oil samples, the color of oxidized 928 oil samples is significantly darker, which certainly
have higher color numbers (the color numbers are shown as the inset numbers in the square pictures of oil
samples in Figure 2). The lowest color number of the oxidized 928 oil sample is 9 which is oxidized at 175 oC
for 30 or 60 minutes. However, the color numbers of the oxidized 928 oil samples increase dramatically
with increasing oxidation time and temperature. Compared with 928 oil samples, the 50-1-4Φ oil samples
have relative higher color stability under elevated oxidation conditions. Considering the color numbers of
many 928 oil samples exceed the measure range of the petroleum products chromometer, thus, the results
from Figure 2 suggest that 928 aviation lubrication oil has relative unstable color stability under the same
oxidation condition of 50-1-4Φ aviation lubrication oil.

3.2 The color number influence factors

Since the color of the oxidized 928 aviation lubrication oil samples is darkening very fast while the oxidation
temperature exceeds 200 oC, the color numbers go beyond the measuring range after the oil samples were
heated more than 4 hours. On the other hand, the highest operating temperature of 50-1-4Φ aviation
lubrication oil is 175 oC according to the standard (ГОСТ 13076-86). Therefore, the study prefers the
oxidation reactions of the base oils under the condition of 175 oC to investigate the influence of base oils
towards the color number of the oxidized oil samples.
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Figure 3 The typical molecular structure of PAO and DIOA
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image4.emf available at https://authorea.com/users/329070/articles/456165-the-intrinsic-
relationship-between-color-variation-and-performances-of-the-deteriorated-aviation-
lubrication-oil

Figure 4 The color evolution of the PAO and DIOS oil samples with antioxidants (T501, T531 and Tz516
mentioned in Experimental Section) after oxidized at 175 oC

Both 928 and 50-1-4Φ aviation lubrication oil have the viscosity of 3 cSt at 100 oC, however, the base oil
of two lubrication oils is quite different. The base oil of 928 aviation lubrication oil is mainly poly-α-olefin
(known as PAO), and the base oil of 50-1-4Φ aviation lubrication oil is synthetic ester (in this paper is
di-iso-octyl sebacate, DIOS), as shown in Figure 3.

In the same appliance, the PAO and DIOS (both kinematic viscosity of the base oils is 3 cSt at 100 oC) is
comparatively oxidized at 175 oC for the reasons mentioned before. The oxidation temperature is maintained
at 175 oC which is coincident with the maximum operation temperature of 50-1-4Φ aviation lubrication oil.
As shown in Figure 4, the oxidized PAO and DIOS oil samples with antioxidants (T501, T531 and Tz516
mentioned in Experimental Section) have significant color darkening phenomena after antioxidants were
applied in the pure PAO and DIOS. It should be noted that the antioxidants T501, Tz516 are used in 928
and T531 applied in 50-1-4Φ aviation lubrication oil, respectively.
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Figure 5 The color evolution of PAO and DIOS oil samples with antioxidants (T501, T531 and Tz516)
catalytically oxidized by the copper sheet at 175 oC

Due the different antioxidants, color darkening effect could be clearly seen from the oxidation of base oils
with antioxidants (Figure 4). The Tz516 has the most obvious color darkening ability according to the color
numbers shown inset the relevant oil samples. Without antioxidants, the base oils almost do not change
their color numbers in same oxidation condition. The T531 also has similar effect on color change with T501,
although in different base oils. Interestingly, the oxidized PAO oil sample which added 1% Tz516 and 1%
T501 (P516/501) has lower color number (0-12) compared with the color number (11-14) of PAO oil sample
with 1% Tz516 (P516). Especially under shorter oxidation time, the color number of P516/501 is 0 after
oxidizing for half an hour while the color number of P516 is 11. Although the color number of P516/501 is
sharply increased upto 12 when the oxidation reactions conducted for 8 hours, the color number is also lower
than P516. The phenomena suggest that the addition of T501 could significantly reduce the color number
of the oxidized oil samples without metal catalyst.

Under catalytical oxidation by Cu sheet, the color evolution of the base oil samples shown in Figure 5 is
darker than the base oil samples oxidized without metal sheet (Figure 4). The phenomena also could be
seen from the oxidation of fully formulated 928 and 50-1-4Φ aviation lubrication oil (Figure 2s shown the
color change of 928 and 50-1-4Φ aviation lubrication oil after catalytic oxidized by Cu sheet from 200 oC
to 290 oC). The PAO oil samples added Tz516 has largest color numbers (19-23) compared with other oil
samples. Similarly, after T501 and Tz516 were added into PAO oil samples, the color darkening phenomena
are inhibiting on a considering degree (color numbers down to 6-15), even the oxidation with the presence
of Cu sheet.

Cu sheet catalyzed oxidation reactions of the base oil samples without any antioxidants also suggest that
metal catalyst could significantly accelerate color darkening (Pure PAO,0-8; Pure DIOS, 0-7) compared with
Figure 4 that the color number of Pure PAO and Pure DIOS without Cu sheet are 0-1. The PAO and DIOS
without antioxidant would demonstrate a relative fast color darkening under Cu sheet catalytic oxidation
reactions. The color numbers of DIOS with T531 also have sharply change oxidized for more than 4 hours
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which also suggest that Cu sheet catalytic oxidation has greater impact on the color darkening process of
the oxidized oil samples.

3.3 The oxidation products analysis and oxidation mechanism study

Since the base oils without antioxidants show slight change of color number, this paper focus on the oil
samples with antioxidants. The oxidation reactions carried out in the paper could divided as four series
experiments (each series has two categories depends on Cu sheet is applies in experiment or not): the PAO
and T501 (P501, the total ions chromatograms shown in Figure 3s), PAO and Tz516 (P516, the total ions
chromatograms shown in Figure 4s), PAO T501 and Tz516 (P501+516, the total ions chromatograms shown
in Figure 5s), DIOS and T531 (D531, the total ions chromatograms shown in Figure 6s). The total ions
chromatograms shown in SI give a rough sense of the oxidation products.

After careful analysis, the evidences from Figure 3s-6s show the species of base oils, antioxidants and Cu
sheet catalyst could significantly change the color number of the oxidized oil samples. There are demands
for identifying the oxidation products’ species and antioxidants to determine the yield of oxidation products
and consumption of antioxidants. The oxidation products are too many to list, otherwise a large amount of
oxidation chemicals would be resulting in confusion. After extraction, separation and analysis, the typical
color materials existing in the oil samples can be distinguished as two categories: color- related-oxidation-
products (CORP) from antioxidants (CORPA) and CORP from base oil (CORPB).

According to the molecular analysis of the typical color related oxidation products with or without Cu sheet,
the typical CORPA and CORPB have considerable amount (have larger peak area) and highly repeatedly
shown in their total ions chromatograms could be concluded as follows (Table 1). The listed chemicals (Table
1) that shown as the typical color related oxidation products are the representative substances detected in
the oil samples after extraction and separation. It’s reasonable that the content of the typical CORPA and
CORPB might reflect the color variation of the oxidized oil samples. Generally, the CORPA mainly have
the basic molecular structure that similar to the antioxidants and the CORPB have longer alkane chain.

Table 1 The color-
related-oxidation-
products (CROP)
from the oxidized
oil samples

Table 1 The color-
related-oxidation-
products (CROP)
from the oxidized
oil samples

Table 1 The color-
related-oxidation-
products (CROP)
from the oxidized
oil samples

Table 1 The color-
related-oxidation-
products (CROP)
from the oxidized
oil samples

Table 1 The color-
related-oxidation-
products (CROP)
from the oxidized
oil samples

PAO + T501 PAO + Tz516 PAO +T501 +
Tz516

DIOS + T531

CORPA 1 6 10 15
2 7 11 16
3 8 12
4 13

CORPB 5 9 14 17
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Figure 6 The relative content of the color-related-oxidation-products from the oxidized oil samples

After the typical color related oxidation products are selected (as shown in Table 1s), the integral area
values of the chemicals are calculated and listed in the Table 1s-8s according to the Figure 3s-6s. For ease of
reading, the data are converted to Figure 6 which presents the variation trend more intuitive. It should be
noted that all of the base oils with antioxidants (T501, Tz516 and T531) would generate more CORP after
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Cu sheet applied in the reactions. The phenomenon could be easily seen from the Figure 6c and 6d, which
is the CORP of the oxidized PAO and Tz516, the amount of CORP with Cu sheet is almost 500 times more
than the CORP without Cu sheet. As shown in the Figure 6, several CORP (4, 7, 12 and 15 in Table 1)
sharply increase with increasing oxidation time whether Cu sheet is applied or not. The chemical formula
of the CORP 4 and 12 (actually same chemicals) in Table 1 are mainly the diradical termination reaction
products of T501 (shown in Figure 7).However, the CORP 7 and 15 might hard to find suitable reaction
mechanism to explain the actually relations occurs in the complex system of PAO with Tz516 and DIOS with
T531. As shown in Figure 7, the CORP 4 (or 12) is suggested to be produced by the biradical termination
reaction through Figure 7b route after the T501 is oxidized by free radicals by Figure 7a route. The hydrogen
transfer is easy to occur in the alkane substituted benzoquinone structure because of the conjugated system.
Compared with CORPA, the CORPB have relative small amount in oxidized oil samples. In the oxidation
reactions catalyzed by Cu sheet, most CORPB distinctly increase while the oxidation time was increasing
(Table 1s-8s, CORPB 4, 7, 12 and 15). The result is positive for both PAO and DIOS oil samples.
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Figure 7 The suggested biradical termination reaction of CORP 4 (or 12) in Table 1

3.4 The performances of the oxidized oil samples

Since the kinematic viscosity of the oxidized 928 and 50-1-4Ф aviation lubrication oils shows small variation
(Figure 9s) that could be considered within the margin of error of Ukrainian-style viscometer applied in
this paper. However, the kinematic viscosity of the oxidized 928 oil samples has higher values (~4 mm2/s)
compared with the oxidized 50-1-4Ф oil samples (~3 mm2/s).

Table 2 The relationship between the residual content of antioxidants and residual incipient oxidation
temperature (IOT) of the 928 and 50-1-4Ф aviation lubrication oil samples oxidized for 2 hours

Oxidation
temperature
(oC) 928 928 50-1-4Ф 50-1-4Ф

T501/% Tz516/% IOT/ oC T531/% IOT/ oC
Untreated 1.541 1.516 264.1 0.564 269.7
210 0.722 1.409 263.3 0.377 263.5
230 0.318 1.317 261.2 0.241 251.4
250 0.437 1.295 259.4 0.203 252.0
270 0.311 1.309 259.1 0.113 249.9
290 0.189 1.182 254.5 0.098 246.8

After the measurement of the residual antioxidants of the oxidized oil samples, the oxidized oil samples
were testing for their residual initial oxidation temperature (IOT, shown in Table 2). It is easy to find the
residual IOT values decrease with decreasing residual antioxidants for their antioxidation ability gradually
decreased. At the same time, the color number of the oxidized fully formulated aviation oil samples (Figure
2s) dramatically increased for the rapidly increasing color-related-oxidation-products shown in Table 1. As
discussed above, most color-related-oxidation-products are generated from the reaction of antioxidants.

Table 3 The total acid number of the 928 and 50-1-4Ф aviation lubrication oil samples oxidized for 2 hours
(mgKOH/g)
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Oxidation temperature (oC) 928 50-1-4Ф

Untreated 0.03 0.04
210 0.43 0.31
230 1.07 0.95
250 1.13 1.61
270 1.42 1.91
290 2.31 3.69
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Figure 8 The diameter of steel ball wear scar while the 928 and 50-1-4Ф aviation lubrication oil samples
(oxidized for 2 hours) are applied

As expected, the total acid number (TAN, shown in Table 3) of the oxidized 928 and 50-1-4Ф aviation
lubrication oils were increasing with higher oxidation temperature, which coincident with the anti-wear
testing shown in Figure 8. Both the TAN and diameter of wear scar would be promoted rapidly while the
oxidation temperature exceeds 230 oC. The oil quality of the oxidized oil samples is undoubtedly deteriorated
in the oxidation reactions. As described before, the color number of the oxidized oil samples might provide
a readily method to identify the oil quality through the direct measurement of the color-related-oxidation-
products. As shown in Figure 2s, the methods still need improvement to elevate the resolution ratio and
measurement range. More sophisticated and effective testing strategies about designment on more effective
filtration and thinner oil pipe might be required to realize the above demands.

4 Conclusions

According to the color investigation of the oxidized lubrication oil samples, we found that the color of the
oxidized oil samples is mainly determined by the amount and species of antioxidants and oxidation conditions
(including catalysts, temperature, time). Based on the incipient oxidation temperature, total acid number
and tribological performances tests, the overall performances of the fully formulated aviation lubrication oil
(T501 and Tz516 are used as antioxidants) would be remarkably reduced when the color number exceeds
23 at 250 oC oxidized for 2 hours. In the same case of fully formulated aviation lubrication oil with T531
used as antioxidants, the performances would decrease significantly when the color number exceeds 21 under
same reaction conditions. The color number is proved that have potential practical applications in the field
of fast determination of the quality and residual lifetime of the in-service aviation lubrication oil.
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