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The influence of aromatic antioxidants 2,6-di-tert-butyl-4-methylphenol (BHT) and diphenylamine 
(DPA) on the thermal–oxidative degradation of base oils 150N was studied by using the hot oil oxidation 
test (HOOT) with temperatures varying from 100 to 200oC and times ranging from 1–24 h. Qualitative as 
well as quantitative analyses of the base oils and their fractions were done using gas chromatography-mass 
spectrometry (GC-MS) and spectroscopic (FTIR, UV–visible) techniques to gain a better understanding of 
their compositional and structural details. Oxidization processes were also studied and structural changes 
resulting from thermal oxidation were identified. The results indicate that the addition of antioxidants causes 
an obvious enhancement in the resistance of base oils to thermal–oxidative degradation. Moreover, the mix-
ture of antioxidants shows better thermal–oxidative resistance than the phenolic or diphenylamine antioxi-
dants alone. 
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Влияние ароматических антиоксидантов 2,6-ди-трет-бутил-4-метилфенола (BHT) и дифенил-

амина (DPA) на термоокислительную деструкцию базовых масел 150N изучено с помощью теста 
на окисление горячим маслом (HOOT) при температурах 100–200C и времени в диапазоне 1–24 ч. 
Качественный и количественный анализ базовых масел и их фракций проведен с использованием га-
зовой хроматографии–масс-спектрометрии (GC-MS) и спектроскопических методов (FTIR, UV-vis) 
для лучшего понимания их композиционных и структурных деталей. Изучены процессы окисления и 
выявлены структурные изменения, возникающие в результате термического окисления. Показано, 
что добавление антиоксидантов приводит к повышению устойчивости базовых масел к термоокис-
лительной деградации. Смесь антиоксидантов проявляет лучшую термоокислительную стойкость, 
чем только фенольные или дифениламиновые антиоксиданты. 

Ключевые слова: базовое масло, окисление, инфракрасная спектроскопия, газовая хроматогра-
фия–масс-спектрометрия, термостабильность, антиоксиданты. 
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Introduction. Thermal–oxidative degradation is one of the most important problems of lubricants. This 
degradation is the primary cause of increases in viscosity, pour point, sludge formation, lacquer formation 
and engine corrosion [1–4]. The autoxidation of lubricants takes place in the presence of heat and dissolved 
oxygen, producing hydroperoxides or other reactive intermediates; these can be transformed into various 
harmful oxygenated products, such as acids, aldehydes, ketones, esters, and lactones [5–7], which always 
have many unfavorable consequences for the lubricant system. The widely accepted mechanistic routes sug-
gest the occurrence of free radical reactions, including chain initiation, propagation and termination steps [5]. 
To increase the thermo-oxidative stability and to provide the stability required during transport and storage, 
antioxidants (AOs) are used to delay the fuel degradation process [8–14]. To date, many different classes of 
antioxidants applied in the field of lubricants are commercially available or have been described in the litera-
ture [15–20]. However, there is still much ongoing research designed to develop more effective, efficient, 
and ecofriendly systems. 

In the case of base oils, sterically hindered phenolic compounds and amine derivatives are commonly 
employed [5, 8, 21, 22]. Often, both classes are part of the lubricant formulation since they exhibit signifi-
cant homosynergism. Numerous tests have been conducted to select the proper base oil and additives for 
formulating oils for a particular service and determining whether the used fluid is fit for continued use 
[15, 20, 23–27]. 

The antioxidant characteristics of base oils were evaluated via changes in temperatures for the different 
oxidation stages occurring during the course of oxidation. The oxidative degradation processes were estimat-
ed via thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) and the changes 
in the base oils before and after thermal oxidation were detected by infrared and ultraviolet–visible spectros-
copies. Gas chromatography-mass spectrometry (GC-MS) was employed to monitor the changes in the 
chemical composition of the base oil samples. These studies contribute to obtaining information on the ther-
mal behavior of lubricants under an ambient atmosphere and estimating the stability of antioxidants. In addi-
tion, this work can help in the development of new lubricant formulations, and particularly of new antioxi-
dants, which requires information on the oxidation behavior of the formulations. 

 

 
 

Data and methods. Materials. The base oil used in this work was a kind of mineral base oils (150N) 
supplied by the Formosa Plastic Group. According to the American Petroleum Institute (API), 150N belongs 
to group II. Commercial antioxidants BHT and DPA were purchased from Energy Chemical Reagent Com-
pany (Shanghai, China). 

Thermal-oxidation tests. All the fuel samples were thermally oxidized in an isothermal apparatus ac-
cording to reference [28]. For thermal degradation, base oils were heat-treated at 100, 120, 140, 160, 180, 
and 200oC. Samples were withdrawn at times that varied from 1 to 24 h.  

Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG). The experiments 
were performed on 5±0.5 mg samples using a TA-Q50 thermogravimetric instrument. The experiments were 
carried out under a continuous nitrogen flow of 60 mL/min. The mass losses were recorded at temperatures 
ranging from 30 to 500°C. 

Spectroscopic analyses. A Bruker Tensor 27 Fourier transform infrared spectrometer was used to ob-
serve the changes in organic functional groups in the fuel samples and the deposits, using KBr pellets, and 
the region 400–4000 cm–1.  

The UV–vis absorbance measurements were determined for wavelengths ranging from 255 to 450 nm, 
on a PerkinElmer Lambda 365 UV/VIS spectrophotometer equipped with 1.0 cm quartz cells, to track the 
color changes of each fuel sample during its thermal-oxidation process. To ensure that the absorbance did 
not exceed the photometric intensity limit, deeply oxidized base oils were studied after appropriate dilution 
with the unoxidized fuel. The original oils used as reference solution. 2.4 Gas chromatography-mass spec-
trometry (GC-MS) Analysis  
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Gas chromatography-mass spectrometry (GC-MS) analysis. GC-MS was used to characterize the base 
oils XG-1, XG-2, and XG-3. A trace GC-MS system (Agilent 6890A) was used for the analysis. The instru-
ment was set up to perform GC-electron impact ionization (EI) MS. Positive ions were generated by electron 
impact ionization (EI) with 70 eV electron energy. A 30 m long, 0.25 mm inner diameter stationary phase 
column coated with a 0.25 μm thick layer of VF-5MS provided component separation. A 1 μL injection vol-
ume was used under the following conditions: the temperature was held at an initial temperature of 60°C, 
with a hold time of 3 min, ramped at 10°C/min to a final temperature of 230°C/min, and held at this tem-
peratures for 10 min. Helium was used as a carrier gas.  

Results and discussion. Thermal stability of XG-1, XG-2, and XG-3 with antioxidants. The addition 
of antioxidants can restrain the oxidative processes of base oils and reduce the generation of oxidative prod-
ucts that are always of low weight and easily evaporate or decompose at elevated temperatures. As shown 
in Fig 1, similar TGA and DTG curves indicating the homologous thermal–oxidative degradations of XG-1, 
XG-2, and XG-3, which contain 1 wt% phenolic, diphenylamine or a mixture of these antioxidants 
(BHT:DPA =1:1), were obtained with heating rates of 10oC/min in an air atmosphere. 

 
 

 

Fig. 1. TGA and DTG curves of XG-1, XG-2, and XG-3. 
 

The decomposition temperature (Td) which is used to indicate the resistance of the base oils to thermal–
oxidative degradation is designated from the intersection of the extrapolated baseline and the tangent line 
of the curve with maximum slope (TGA curve). The Td of base oils is increased to different levels with the 
addition of different antioxidants [29]. The Td values of XG-1and XG-2 are 217 and 218oC with the single 
addition of BHT or DPA, respectively. However, XG-3, with the introduction of mixed antioxidants 
(BHT:DPA = 1:1), exhibited an improved Td of 228oC. All these data demonstrate that the addition of antiox-
idants causes an obvious enhancement in the thermal–oxidative resistance of base oils, and mixed antioxi-
dants result in better thermal–oxidative resistance than phenolic or diphenylamine antioxidants alone. 

The maximum degradation temperature (Tm) is defined as the degradation temperature corresponding 
to the maximum weight loss rate in the DTG curve (Table 1). It can be observed that the TGA curves shifted 
toward higher temperatures as the heating rate increases for XG-1, XG-2, and XG-3 with 1 wt% antioxi-
dants. The Td temperatures of all the samples also increased with increasing heating rate (Fig. 2). This can be 
attributed to the fact that the sample spends a longer time at a certain temperature with lower heating rates, 
in other words, with a longer residence time at a particular temperature, more degradation will occur before 
the sample reaches the next temperature zone [20, 28]. 

 
TABLE 1. TGA and DTG results of XG-1, XG-2, and XG-3 

 
Heating rate, 

oC/min 
XG-1 XG-2 XG-3 

Td Tm Td Tm Td Tm 
10 217 245 218 245 228 255 
20 233 264 224 252 234 264 
30 253 285 225 253 237 271 

100

80

60

40

20

0

 100         200         300         400         500    T, C 

Weight, %                                   Derivative Weight 
–0.015
 

–0.010
 

–0.005
 

0 
 

0.005 
 
0.010 
 
0.015 

XG-1 
XG-2 
XG-3 



ABSTRACTS ENGLISH-LANGUAGE ARTICLES 
 

665

 

 
Fig. 2. TGA and DTG curves for XG-1 (a), XG-2 (b), and XG-3 (c) at different heating rates. 

 
Infrared spectroscopy analyses. The FT-IR spectra for oxidation of the samples at different tempera-

tures are shown in Fig. 3. Here, the absorption at 2924 and 2854 cm–1 was assigned to stretching vibrations 
and the bands at 1463 and 1377 cm–1 correspond to the deformation vibrations of the CH3 and CH2 groups. 
The absorption at 722 cm–1 is due to the rocking vibration of the long alkane chain [30, 31]. Accordingly, it is 
confirmed that the main components in the base oils are alkanes with long molecular chains. The absorptions 
at 1295 and 1156 cm–1 was attributed to the stretching vibration of C–O bonds. As a characteristic peak of 
oxidation, the strong ν(C=O) stretching vibration centered at 1716–1720 cm−1 was accompanied by another 
peak centered at 1780 cm−1, which emerged obviously and increased rapidly after XG-1, XG-2, and XG-3, 
respectively. The appearance of the peak at 1716–1720 cm–1 was likely due to the formation and accumula-
tion of aldehydes and ketones, while the 1780 cm−1 peak was ascribed, to a large extent, to further oxidized 
carboxylic acids, esters, lactones, etc. [23, 32]. 

Therefore, the base oil samples underwent a series of autoxidation reactions in the presence of oxygen. 
The oxidation processes accelerated with increasing temperature, and the colors of the base oils changed 
from colorless to orange.  
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Fig. 3. FT-IR spectra of XG-1 (a), XG-2 (b), and XG-3 (c) after 24 h at different temperatures. 
 
UV–vis spectroscopy analyses. The color changes with temperature for the oxidized base oils of XG-1, 

XG-2, and XG-3 were analyzed by UV–vis spectroscopy as shown in Fig. 4. The absorption bands  
at 280–400 nm is characteristic of the n-π* transition of the carbonyl C=O bonds formed as a result of ther-
mal-oxidation [8]. The intensity of the absorption became stronger at longer oxidation times. With increasing 
oxidation temperature, the absorption edge shifted slightly to longer wavelengths, and the maximum absorp-
tion also underwent a redshift. The color changes of the fuels and the formation of hydroperoxides are both 
results of autoxidation. It is clearly demonstrated that the UV-vis spectral changes resulted from differences 
in the extent of oxidation of the oils [33]. 
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Fig. 4. UV-spectra of XG-1 (a), XG-2 (b), and XG-3 (c) after 24 h at different temperatures. 
 

Gas chromatography mass spectrometry (GC-MS) analysis. GC-MS can indicate the presence of addi-
tives and serve as an indicator of additive depletion or decomposition [12, 13, 17, 34–37]. The actual antiox-
idative stabilization of the base oils XG-1, XG-2, and XG-3 were determined. The GC-MS analysis results 
clearly show that these base oils are complicated mixtures with hundreds of hydrocarbons. By means of the 
exact masses and the obtained EI-MS spectra, one phenolic and one amine stabilizer could be identified in 
Fig. 5. For the phenolic compound, a comparison of the obtained EI-MS spectrum with that from a BHT 
standard indicates substances with the same constitution. This could be confirmed by the determination of 
the exact mass, which revealed the molecular formula C15H24O. For the aminic antioxidants the structures 
were suggested by an EI spectral library (Fig. 5) and could be confirmed subsequently with the exact masses 
obtained from EI-MS measurements. 
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Fig. 5. GC-MS spectra of XG-1 (a), XG-2 (b), and XG-3 (c). 

 
The chemical protection mechanism for primary antioxidants results from their ability to act as hydro-

gen donors. This enables them to trap alkyl and peroxy alkyl radicals, formed in the oil due to oxidation un-
der standard-usage conditions and therefore inhibits the oxidative degradation of the oil. This reaction leads 
to the transformation of the phenolic (or aminic) compound to the corresponding phenoxyl (or amino) radi-
cal [15]. 

Conclusions. In this work, the thermal–oxidative degradation behaviors of the base oil 150N with aro-
matic antioxidants 2,6-di-tert-butyl-4-methylphenol (BHT) and diphenylamine (DPA) were studied. The an-
tioxidant character of the base oil 150N was used to evaluate via reaction temperatures and the different oxi-
dation stages observed during the course of oxidation. The oxidation processes monitored by UV–vis ab-
sorption spectra, infrared spectroscopy and GC-MS. The oxygenated products formed in the oxidized oils 
indicated that hydroperoxides, as the intermediates of the autoxidation reactions, have substantial impacts on 
the thermal-oxidation stability of oils.  
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