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Abstract: It is of considerable significance to develop efficient and environmentally friendly machinery lubricant additives because of the increasing depletion of petrochemical resources and severe environmental problems. Herein, we proposed a facile strategy to synthesize a multifunctional vegetable oil-based lubricant via the lignin derivative vanillin coupled to amine and diethyl phosphite to produce a lubricating additive with both extreme pressure and antioxidant properties. Compared with pure tung oil, the lubricating and antioxidant performance of tung oil is significantly improved after adding additives. Adding the 1.0 wt% additive to the tung oil reduced the friction wear coefficient and the volume, and the oxidation induction time was much longer than pure tung oil.
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1  Introduction

Wear caused by friction is the main cause of failure of mechanical parts, and lubrication is the most effective measure to reduce friction and wear [1–3]. Therefore, lubricants play a vital role in the development of world industry and economy. In recent years, with the rapid improvement of the capacity of the global high-end equipment manufacturing industry and the high attention paid by the whole society to environmental protection issues, people have increasingly high requirements for high efficiency, long cycle, degradability, harmless, and other operational performance of lubricating oil [4,5]. Traditional petroleum-based mineral oil has weakened cost advantages and limited biodegradation and service performance, causing it to face the pressure of resources and environmental protection.

Vegetable oils are potential substitutes for petroleum-based oils. It is not only environmentally friendly, renewable, less toxic, and degradable, but also has excellent properties such as high viscosity index, high lubricity, and low volatility [6–8]. The main reason why vegetable oil can be used as an anti-wear additive and friction modifier is the existence of a long fatty acid chain and polar group, which makes them have a good film/force relationship and can be used as boundary lubricants [9,10]. In addition, the structure of triglycerides in vegetable oils ensures their lubricity as a lubricant. Therefore, vegetable oil-based lubricants have received a great demand in many green manufacturing activities, and have become an important research topic in recent years [11–14]. China is the largest producer of tung oil, but the utilization level of tung oil is very low, mainly focusing on the direct use of tung oil as anti-corrosion coatings, ink additives, and mold release oils [15–18]. As an excellent non-edible drying oil, tung oil can avoid competition with feed and food resources as a biological lubricant. Furthermore, tung oil has the characteristics of good glossiness, strong adhesion, acid resistance, alkali resistance, heat resistance, and corrosion resistance. Therefore, it has potential application value as a lubricant [19]. Based on this, we apply tung oil to the research in the field of lubricants, which can not only improve the added value of tung oil products but also further expand its scope of use.

However, when tung oil is used as the base oil of lubricant, it also has the same fatal defect as other vegetable oils. The fatty acid part of tung oil molecules is rich in unsaturated bonds (C=C), which is extremely vulnerable to free radical attack and further oxidative degradation to form the polar oxygen-containing compound [20]. This phenomenon can lead to the formation of insoluble deposits, increase the acidity and viscosity of the oil, and ultimately seriously affect the service life of mechanical equipment, even causing severe corrosion and wear. In order to avoid or delay the problem of lubricating oil, which needs to have good oxidation stability. Therefore, antioxidants are a key additive to prevent oxidative degradation from meeting the industrial application requirements of vegetable oils as lubricants [21,22]. Nevertheless, as people’s requirements for high speed and load efficiency are getting higher and higher, a single antioxidant additive can no longer meet people’s requirements. Sliding friction between mechanical equipment under heavy load and high speed makes mechanical wear faster. After adding extreme pressure lubricant additives, extreme pressure additives can be used to form extreme pressure films on the metal surface to separate the two friction surfaces to reduce the friction coefficient and slow down wear to achieve the purpose of lubrication.

Based on the ability to meet the requirements of tung oil as a lubricant oil with both oxidation stability and extreme pressure properties. In this work, vanillin, the only industrial-scale monoaromatic compound produced in lignin, was used as an antioxidant for asymmetric hindered phenolic. The steric hindrance effect of asymmetric hindered phenolic antioxidants is weak, and the antioxidant effect is more significant than that of traditional symmetrical antioxidants. Theoretically, when the ortho-position of the phenolic hydroxyl group is a bulky substituent, it is beneficial to protect the phenolic hydroxyl group from rapid oxidation and reduce charge transfer, thereby improving the antioxidant efficiency and compatibility with base oils [23,24]. Therefore, we use amine as a coupling agent, and the Schiff base intermediate generated by the coupling reaction of vanillin and amine is not extracted from the system and further reacts directly with diethyl phosphite to obtain phosphorus-containing bifunctional additive for oxidation stability and extreme pressure properties, which is added to the tung oil. Exploring the lubrication and antioxidant mechanism of lubricating additives through experiments and a variety of characterization means is conducive to laying the theoretical foundation for the design and application of bio-based lubricating oil, and meeting the needs of the green, efficient and coordinated development of lubricating oil technology.

2  Experimental Section

2.1 Materials

This study used environmentally friendly based oil tung oil (TO), a commercial-grade oil supplied by the Luodian County Anling Vegetable Oil Plant, China, without further purification. The structural formula of tung oil is shown in Fig. 1. Vanillin, n-propylamine, Ethylenediamine, 1,3-Diaminopropane, 1,6-Hexamethylenediamine, and Diethyl phosphite, were purchased from Aladdin-Reagent Co., China. Zinc chloride and ethanol were bought from Sinopharm Chemical Reagent Co., China.

[image: images]

Figure 1: Chemical formula of base oil

2.2 Synthesis of Lubrication Additives

Vanillin is coupled to diamine by Schiff base reaction. The obtained Schiff base further reacts with diethyl phosphonate through a phosphorus hydrogen addition reaction to generate phosphorus-containing lubrication additives AOLA and EAOLA [25]. Notably, the formation of the Schiff base and the phosphorus hydrogen addition reaction is completed by one-pot synthesis, where the Schiff base produced during the reaction does not need to be extracted from the system. Detailed synthetic routes as illustrated in Scheme 1. Two kinds of phosphorus-containing lubrication additives AOLA and EAOLA were added to tung oil to study their antioxidant and lubrication properties.
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Scheme 1: Preparation of two bio-based multifunctional lubrication additives

2.3 Characterization Methods

FTIR was recorded on Nicolet 6700, with a recording range of 4000–400 cm−1. Proton nuclear magnetic resonance (1H NMR) was recorded by a Bruker 400MHZ AVANCE III spectrometer with CDCl3 as solvent. The TGA was tested on TGA/DSC in Mettler Toledo from room temperature to 800°C, the heating rate of 10 °C/min, and the sample mass was 3–5 mg.

2.4 Tribological Test

The maximum non-seizure load (PB) was measured using an MRS-10A four-ball tribometer according to the standard method GB/T 3142-82, which is similar to ASTM D2783 [26].

On the MRS-1J four-ball friction meter, the anti-friction and anti-wear properties were evaluated at 1450 rpm, 30 min, and room temperature [27]. Each data was the average from triplicated tests. The coefficient of friction was automatically recorded using a sensor connected to a PC. The wear scar diameters (WSD) were measured using an optical microscope [28]. Repeat to measure the average value of each sample. Wear volume (WV) provided further support for anti-wear behaviors; WV was calculated through the following formula:


WV= πh6(3d24+h2)


h=r−r2−d24

where r is the radius of the steel ball, and d is WSD [29]. The balls used in the test are 12.7 mm in diameter and made of GCr 15-bearing steel with an HRC of 59–61 hardness.

2.5 Worn Surface Analysis

To analyze the morphology and wear degree of the wear surface, the FEI Quanta 200 scanning electron microscope (SEM, FEI Co., Ltd., Hillsboro, USA) was used. It can provide more intuitive information about the worn surface. X-ray photoelectron spectroscopy (XPS) was operated on a PHI 5000 Versa Probe using Al Ka excitation radiation, which was used to examine the chemical composition on the worn surfaces.

2.6 Antioxidant Performance Analysis

oxidation onset temperature (OOT) and Oxidation induction time (OIT) were measured in the pressure differential scanning calorimetry (PDSC) by the isothermal and programmed temperature modes. Longer OIT and higher OOT indicate better oxidative stability of the oil [30,31].

Isothermal PDSC of 3.0 ± 0.2 mg samples was placed in open aluminum pans (manufactured by NETZSCH 204HP) under 3.5 MPa high purity oxygen. The test sample was heated from the ambient temperature to 80°C or 100°C at a heating speed of 10 °C/min before remaining in the isothermal mode until the oxidative exothermic peak was measured. The OIT is the extrapolated heat peak and the baseline intercept.

3.0 ± 0.2 mg sample was subjected to programmed temperature PDSC at 3.5 MPa of high-purity oxygen. The oil sample is from room temperature to 350°C at a constant heating rate of 10 °C/min. The OOT is calculated by extrapolation from the maximum heat flow to the baseline.

3  Results and Discussion

3.1 Characterization of AOLA and EAOLA

The chemical structure of the extreme pressure antioxidant lubricating additive monomer modified by vanillin was confirmed by FTIR and 1H NMR spectroscopy. Fig. 2a shows the FTIR spectra of vanillin, AOLA, and EAOLA. The FTIR spectrum of pure vanillin exhibited significant characteristic peaks at 1294, 1508, and 1585 cm−1 owing to plane aromatic CH deformation and stretching absorption of the benzene ring. These characteristic peaks are present on the profiles of both AOLA and EAOLA. In the FTIR spectra of AOLA and EAOLA, there are characteristic peaks at 3100–3300 cm−1 belonging to N-H and O-H, a characteristic peak at 1280 cm−1 belonging to P=O, and a characteristic peak belonging to P-O-C at 960 cm−1 [32]. The P=O and P-O-C do not appear in the spectrum of vanillin. The significant characteristic peaks at 810 and 1666 cm−1 are attributable to the stretching of C=O of the aldehyde group in the vanillin structure [33]. The characteristic peak of C=O disappears on the spectra of AOLA and EAOLA due to its participation in the reaction. As can be seen from the 1H NMR spectra in Fig. 2b, the chemical shifts and integral areas of all peaks are in good agreement with the protons and carbon in the chemical structures of vanillin, AOLA, and EAOLA. These results indicate that the target compound has been successfully synthesized.
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Figure 2: (a) FTIR and (b) 1H-NMR for Vanillin, AOLA, and EAOLA

3.2 Tribological Tests

3.2.1 Antiwear Performance

The tribological properties were performed in a four-ball tester (load of 200 N, speed of 1450 rpm, and time duration of 1800 s). The four-ball tester presented in Fig. 3, AOLA and EAOLA demonstrates the greater effect in decreasing the coefficient of friction between the metal surfaces, compared to pure tung oil.
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Figure 3: Antiwear and antifriction of different concentrations of two lubricant additives in tung oil. (a) Friction coefficient (COF), (b) Average friction coefficient (ACOF), (c) Wear scar diameters (WSD), (d) Wear volume (WV)

The result of the friction coefficient varying with the concentration shows that the friction coefficient decreases with the additive concentration increasing from 0wt% to 1.0wt%. The results showed that the 1.0wt% AOLA and EAOLA additives in tung oil were the best concentrations to exhibit the minimum friction coefficient, namely 0.065 and 0.055. It was also observed that the friction coefficient increased at concentrations above the optimal concentration. The obtained results can be explained based on the friction film formation on the steel balls. Upon the addition of 1.0wt% of AOLA and EAOLA, the friction coefficient was significantly reduced compared with the tung oil. This may be due to the formation of a protective friction film on the exposed steel balls. Further increases in the concentration can lead to an increase in friction membrane formation with greater surface coverage. Therefore, the friction coefficient decreases simultaneously with increasing concentration. The friction coefficient is reduced to the limit concentration, where the additive molecules have the maximum adsorption in the friction trajectory. Until 1.0wt%, the friction film formation on the steel surface becomes saturated. That is, the higher concentrations of AOLA and EAOLA lead to the formation of a less stable friction film between the two sliding surfaces during the motion, thus showing a higher coefficient of friction. It is worth noting that the friction coefficient of EAOLA is smaller than AOLA at all concentrations. It may be due to the presence of the anti-wear agent phosphorus that enhances the anti-wear performance of the base oil. The phosphorus content of EAOLA is higher than that of AOLA, which makes the anti-wear performance more excellent. The expected reduction in wear volume was also observed from the wear volume test (Fig. 3d). For the formula containing 0.25~1.0wt% EAOLA, the value is 0.0898~0.0156 × 10−3 mm3, and for the formula containing 0.25~1.0wt% AOLA, the value is slightly higher than that of EAOLA. For pure tung oil, this value is 0.25 × 10−3 mm3, and the 1.0wt% EAOLA wear reduction was greatest by 93.8% compared to pure tung oil. The wear scar diameter changes similarly to the wear volume. These results indicate that the vanillin-based lubricating additives have the potential to prepare high-quality lubricating films.

3.2.2 Extreme Pressure Performance

As an extreme pressure (EP) additive containing phosphorus and nitrogen, it is necessary to have the maximum bite-free load value (PB value) to study the EP characteristics of the additive. As shown in Table 1, compared with the base oil tung oil, the EP performance was improved, and the PB value was increased by 12.07% to 46.87%. The improvement in EP performance can be attributed to its higher rate of reaction with metal surfaces or its higher rate of forming tougher EP films. Moreover, the shorter test time also suggests that the interaction between the two additives may be performed quickly. These pleasant results suggest that the application of AOLA and EAOLA under harsh conditions is favorable, especially for EAOLA. The EAOLA is therefore expected to prevent more catastrophic failure modes under harsh conditions such as high speed, high load, or high temperature. It is worth noting that the extreme pressure performance of EAOLA is better than that of AOLA at each concentration, which also confirms the important role of phosphorus and nitrogen on the extreme pressure performance of additives.
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3.3 Effect of Lubricant Additives on Oxidation Stability

The friction test in Section 3.2 has proved that AOLA and EAOLA have the best friction performance when the addition amount is 1.0wt%. Therefore, we choose 1.0wt% as the study of antioxidant properties. The thermal decomposition temperatures of TO, AOLA, and EAOLA were comparatively determined by the TGA instrument. Two additives have a relatively high thermal decomposition temperature (above 300°C) which exhibits good thermal stability allowing AOLA and EAOLA to be used at relatively high temperatures. It can be seen from Fig. 4a that the onset thermal decomposition temperatures of AOLA and EAOLA are both higher than that of TO (310.5°C), and the onset thermal decomposition temperature of EAOLA is higher than that of AOLA, which is 324.6°C and 318.6°C, respectively, it shows that EAOLA is more suitable for high-temperature applications. Oxidative degradation of lubricating oil usually leads to changes in the chemical composition of lubricating oil, which in turn affects the physicochemical properties of lubricating oil [34]. PDSC can be used to indirectly measure the ease of oxidation of lubricating oils. To investigate the antioxidant properties of the selected antioxidants, PDSC tests were performed on different samples in isothermal mode and temperature-programmed mode, respectively. Fig. 4c shows the OIT results obtained by PDSC isothermal experiments for different samples at 80°C and 100°C. Pure tung oil has poor oxidative stability at 80°C and 100°C, with OITs of 39.4 min and 4.7 min, respectively. Adding 1.0wt% of the two antioxidants alone to tung oil can significantly improve the OIT level at 80°C, and only slightly increase the OIT level at 100°C compared to pure tung oil. The results show that both antioxidants have good antioxidant properties at 80°C, but the antioxidant properties decrease at higher temperatures (100°C). It is worth noting that the highest OIT value (80°C, 46.1 min) can be obtained at EAOLA 1.0wt%, which indicates that EAOLA has good antioxidant properties. Fig. 4b shows the OOT results of pure tung oil and tung oil added with 1.0wt% of different antioxidants by PDSC temperature-programmed experiments. By mixing two selected antioxidants (AOLA and EAOLA) into tung oil, respectively, the OOT of tung oil was increased from 121.9°C to 138.5°C and 146.5°C, respectively, indicating that all selected antioxidants oxidants can improve the OOT of tung oil to a certain extent. Among the two antioxidants, the antioxidant EAOLA, with more phenolic hydroxyl groups, has the best antioxidant performance [35], which further proves that EAOLA is the most suitable antioxidant for tung oil.
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Figure 4: (a) TGA curves of TO and two antioxidants. (b) The OOT and (c) OIT results of isothermal PDSC for pure TO and with 1.0wt% different antioxidants (AOLA and EAOLA)

3.4 Mechanism Analysis

3.4.1 Possible Lubrication Mechanisms

SEM is used to observe the wear of the steel ball after the friction test, and the results are shown in Fig. 5. It can be seen from the figure that the steel ball of the lubricant containing only TO is severely worn after the friction test, indicating that there is a strong interaction between the friction pairs of TO. The SEM images of the WSD and wear scars on the steel ball for 1.0wt% AOLA and EAOLA are presented in Fig. 5. Compared with pure tung oil, the WSDs were reduced by ~13.5% (AOLA) and ~27.0% (EAOLA), and the steel ball surface is smoother than that for AOLA because of the presence of long-chain amine molecules. The lubricating additives are prepared with different chain lengths, and the results of the friction coefficient (1.0wt% of the added amount) are presented in Fig. S1. The friction coefficient decreases with the increase in chain length, which may be attributed to the more effective protective film formed by the lubricating additives with longer carbon chains during the lubrication process [36,37].
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Figure 5: SEM images of the steel ball after the tribological tests: pure base oil (Tung oil) and additives containing 1.0wt% (AOLA and EAOLA). Up: low-magnification images (for WSD comparison), and Down: high-magnification images (for surface topological analysis)

To further analyze the lubrication mechanism, the friction surface of the steel ball was analyzed by XPS. By measuring XPS, the constituent elements and chemical state of the boundary film on the worn surface can be clearly understood [38]. Figs. 6 and 7 show the XPS spectra of C1s, N1s, P2p, Fe2p, and O1s on the worn surface of steel balls with 1.0wt% AOLA and EAOLA. For AOLA, the Fe2p peaks appear at around 710.8, and 725.5 eV, which can be corresponded to iron oxides (Fe2O3, Fe3O4) and/or iron hydroxides, indicating the lubrication surface is probably slightly oxidized, due to the presence of tung oil [39]. For EAOLA, the peak is a little bit shifting towards the high binding energy direction, which may be due to the formation of FePO4. And for AOLA, the peak is wide and extends towards the low binding energy direction, which can be due to the existence of iron oxides. In the case of N, there is a wide peak at around 399.7 eV for two steel ball surfaces, suggesting that the N element is still in the organic state. It may be the complex compounds of metal surfaces with decomposed additives like organic amine and other N-containing compounds. While for EAOLA, there are wider and larger peak areas, indicating higher relative content of N elements in EAOLA than AOLA. This peak of N1s lubricated by 1.0wt% AOLA is similar to that of 1.0wt% EAOLA. Meanwhile, it is also found the binding energies of C, P, O, N, and Fe lubricated by 1.0wt% AOLA are similar to that of 1.0wt% EAOLA. This reveals they have similar lubrication mechanisms. Moreover, the peak of P2p at 132.8 eV and 133.1eV are possibly ascribed to phosphorus oxide. The peaks quantification obtained from the XPS, the results presented in Table 2, clearly demonstrate that the content of P and N in the friction membrane formed by EAOLA is significantly higher than that of AOLA, P and N are commonly used as a pressure anti-wear additive, which may be why the friction properties of EAOLA are significantly better than AOLA [40]. We will further discuss the antioxidant mechanism in Section 3.4.2.
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Figure 6: XPS spectra of worn steel surfaces lubricated with AOLA 1.0wt% (four-ball friction and wear tester)
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Figure 7: XPS spectra of worn steel surfaces lubricated with EAOLA 1.0wt% (four-ball friction and wear tester)
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From the above results, it can be inferred that 1.0wt% AOLA and 1.0wt% EAOLA can easily form a lubricating film containing various compounds of C, O, Fe, P, and N elements on the surface of the steel ball through adsorption and/or friction reaction, which can significantly improve the tribological properties of tung oil.

3.4.2 Possible Antioxidant Mechanisms

The intramolecular synergy of phenol-amine-type antioxidants can greatly improve antioxidant properties. Both AOLA and EAOLA are phenol-amine-type antioxidants. Similar intramolecular synergistic mechanisms are, therefore, reasonably speculated based on the synergistic mechanism of phenol and amine. For example, in EOLA, during the degradation of tung oil, −NH transfers its protons to both RO• and ROO• to form the −N•-free radicals [29]. The NH may be regenerated either by protons for the −OH of the phenol portion on the vanillin or by protons for the −NH of another part of the EAOLA. With increasing OH number and −NH, the −NH regeneration cycle increases substantially. In contrast to EAOLA, the −NH regeneration of AOLA has only one path, namely only through the −OH on vanilla. Therefore, EAOLA has a better antioxidant performance than AOLA.

4  Conclusions

The results show that the designed vanillin-based additive added to tung oil has good lubrication and antioxidant properties. Friction and wear properties are sufficient for friction contact. The mechanism of the two additives is similar, but the lubrication properties and antioxidant properties are obviously different. The higher content of the amino group and the phenolic hydroxyl group has a positive effect on the oxidation resistance, oxidative stability, and tribological properties of the lubricating oil. As a base oil, tung oil is a potential renewable raw material directly used for the production of bio-based lubricants and does not compete with food and fuel applications. This result is of great reference significance for reducing the risk of environmental pollution and improving the lubrication and antioxidant performance of vegetable oil in the field of lubricating oil.
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Figure S1: Comparison of friction properties of synthetic lubricant additives from different raw materials (add 1.0wt% in tung oil)
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Table 1: The results of the extreme pressure test for different concentrations of AOLA and EAOLA 1in
tung oil

Additives Pg (N) Increase rate relative to TO
Tung o1l 1069 0O

0.25wt% AOLA 1198 12.07%

0.5wt% AOLA 1275  19.27%

1.0wt% AOLA 1432 33.96%

2.0wt% AOLA 1281 19.83%

0.25wt% EAOLA 1286  20.30%

0.5wt% EAOLA 1359  27.13%

1.0wt% EAOLA 1570  46.87%

2.0wt% EAOLA 1363  27.50%
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Table 2: XPS quantification in at% of the tribofilms formed on the steel ball surfaces after tribological tests

XPS quantification (at%)

Cls Fe2p Ols Nls P2p
AOLA 65.51 1.89 27.97 2.1 2.52
EAOLA 70.73 1.32 22.24 3.0 2.71
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