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Abstract

:

Lubricating oils play an important role in friction-reducing and anti-wear, as well as enhancing mechanical efficiency. To improve the oxidation stability and service life of lubricating oils, the composition and structure of antioxidants should be strategically designed, and these parameters have significantly affected the performance of antioxidants in lubricating oils. Antioxidants are classified into two types based on the substrates they act on: peroxide decomposers and radical scavengers. In this review, the effects of peroxide decomposers (including sulfur compounds, phosphorus compounds, sulfur–phosphorus compounds, and sulfur–nitrogen compounds) and radical scavengers, such as hindered phenols and aromatic amines, have been discussed as additives in the antioxidant properties of lubricating oils. The results indicate that peroxide decomposers have excellent performances in lubricating oils, but high pollution of S and P is not conducive to their widespread use. On the contrary, radical scavengers also have superior antioxidant properties and no pollution, possessing the potential to replace traditional antioxidants. In addition, molecular structures with (multiple) synergistic antioxidant properties have been extensively designed and reported. This review serves as a reference for researchers to design and develop high-end new antioxidants.
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1. Introduction


With the vigorous development of science and technology, people have higher requirements for mechanical equipment in terms of speed, performance, efficiency, automation, and service life [1,2]. When mechanical equipment operates at high speeds, the contact surface will generate a large amount of heat in a short time because of high friction, which can melt or wear metal components, leading to irreversible damage. Therefore, adding lubricants into mechanical equipment to reduce or eliminate friction is of great significance in practical applications. Early lubricants took advantage of the viscosity to generate an oil film in the friction pair, thus avoiding direct contact with the friction surface [3]. However, these lubricants are difficult to adapt to the high-temperature and/or high-pressure environment caused by mechanical equipment. This is attributed to such harsh environments that can destroy the oil film, leading to a significant increase in friction and reduced mechanical efficiency. As a result, the research and development of high-performance lubricants have become an urgent need for the machinery industry and high-end equipment manufacturing.



Base oils and additives are the main components of lubricants, and the maximum proportion of additives can reach up to about 20 wt.%. The additives content of industrial oils is relatively low, but it is also in the high range of 1–10 wt.% [4,5]. Additives are an important part of modern lubricants and play the role of “chips,” which is because additives can greatly improve the performance of lubricants, such as giving new properties and making up for the lack of base oils. Antioxidants are one of the important additives in lubricating oils, which can improve the thermal stability and service life of lubricating oils [6]. During the operation of mechanical equipment, many factors can trigger the oxidative degradation of lubricating oils. These factors include internal oxygen and environment (temperature, pressure, and friction) as well as the metals in mechanical components [7,8]. The oxidation products of lubricating oils are various chemicals—for example, acids, esters, alcohols, and hydroxyl acids. Meanwhile, these oxidation products might further condense to form high molecular compounds, increasing lubricant viscosity and mechanical component friction [7,9,10]. Furthermore, these high molecular compounds have low solubility in lubricating oils, resulting in the formation of paint films, carbon deposits, and organic acids, thereby corroding and wearing metal parts [11]. As a result, incorporating antioxidants into the lubricating oils is critical to slowing or eliminating oxidation behavior and maintaining engine performance [12].



In recent years, the majority of researchers have focused on the development of new antioxidants with high performance and economy to meet the new demand for high-end lubricants in industrial development [12,13]. The antioxidants are mainly organic compounds containing sulfur, nitrogen, phosphorus, and metals [4]. In this review, the focus is on the lubricating oils’ oxidation mechanism and the function of antioxidants. Peroxide decomposers and radical scavengers with different antioxidant mechanisms have been discussed as additives in lubricants.




2. Oxidation Mechanism of Hydrocarbon Lubricating Oils


It has been established that the deterioration of hydrocarbon lubricants is an autoxidation process involving a free radical chain reaction, and this process consists of distinct reaction steps: chain initiation, propagation, branching, and termination [14,15]. Oxygen and sufficient energy (including thermal, ultraviolet, and mechanical shear stress) are prerequisites for the chain initiation step. As shown in Equations (1) and (2), chain initiation is the dehydrogenation of an alkane molecule and the breaking of the C-C bond to form alkyl radicals (R·) [4], while the stability of the radicals formed is determined by the C-H bond strength and is arranged as follows: benzylic > allylic > tertiary > secondary > primary > phenyl [16,17]. As a result, the most vulnerable hydrocarbons to oxidation are those with tertiary hydrogen or hydrogen in an alpha position to the aromatic ring.


  R — H +   O   2   → H O O · + R  



(1)






  R — R → R · + R ·  



(2)







The formed R· radicals can react irreversibly with oxygen to further form alkyl peroxy radicals (ROO·), leading to chain propagation, as shown in Equation (3). The formation rate of ROO· radicals is extremely fast but is also dependent on the substituents of alkyl radicals [4,15]. Once formed, the ROO· radical captures the hydrogen from another hydrocarbon molecule, and corresponding new R· radical and hydroperoxide (ROOH) are produced, as shown in Equation (4). Therefore, under suitable conditions, as soon as R· radicals appear in lubricating oils, ROO· radicals form rapidly. This phenomenon promotes the formation of new alkyl radicals and hydroperoxide via ROO· radicals, resulting in a continuous cyclic oxidation process, as illustrated in Figure 1. Under enough external energy, the formed ROOH can be homogenized to form an alkoxy radical and a hydroxyl radical (Equation (5)), which is also the first phase of chain branching. These two oxygen-containing radicals (RO· and HO·) can also abstract hydrogen from hydrocarbon molecules to form new hydrocarbon radicals and corresponding alcohols and water (Equations (6) and (7)).


  R · +   O   2   → R O O ·  
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  R O O · + R H → R O O H + R  
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  R O O H → R O · + H O ·  
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  R O · + R H → R O H + R ·  
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  H O · + R H →   H   2   O + R ·  



(7)







According to substrate type, the corresponding alkoxy radical can be decomposed into different products. Equations (8) and (9) show that the secondary alkoxy (RR1HCO·) and tertiary alkoxy radicals (RR1R2HCO·) decompose to form aldehydes and ketones, respectively. At high temperatures, acid catalyzes the polymerization of aldehydes and ketones to form insoluble polymers, and the corresponding reaction mechanism has been reported by Perrin et al. [18]. With the increasing of the oil oxidation degree, the concentration of alcohols, aldehydes, ketones, acids, and polymer compounds in lubricating oils can rise sharply. These oxidation products can have a significant impact on many lubricant properties—for example, polarity, acidity, viscosity, and saturated vapor pressure. When lubricants’ viscosity is raised to a certain level, the diffusion of the gas inside the lubricant is reduced, so that there is not sufficient oxygen to continue the oxidation process. At this time, the radicals in the system are mainly chain termination reactions, as shown in Equations (10) and (11).


  R   R   1   H C O · → R C O +   R   1   ·  
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  R   R   1     R   2   C O · → R   R   1   C O +   R   2   ·  
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  R · +   R   1   · →   R − R   1    



(10)






  R · +   R   1   O O · →   R O O R   1    



(11)







In general, the oxidation of lubricants should overcome a high activation energy, suggesting that this process requires enough energy to trigger. Noteworthily, metal ions can significantly reduce the activation energy as catalysts, promoting lubricant oxidation to form radicals in a mild environment. Metal ions catalyze chain initiation and branching, as seen in Equations (12)–(15) [4]. This phenomenon indicates that the high concentration of metal ions in lubricating oils is not conducive to the long-term use of the lubricating oils and to the high efficiency of mechanical equipment. The autoxidation reaction mechanism of hydrocarbon lubricants is depicted in Figure 1. As illustrated in Figure 1, slowing or eliminating the oxidation of lubricants can be accomplished in two ways: (i) by removing the energy required for oxidation and capturing metal impurities, and (ii) by destroying radicals and hydroperoxide. The former is suited for low-shear and low-temperature environments, whereas the latter is better suited for improving the stability of most lubricants in practical applications. Consequently, antioxidants are classified into two types based on their ability to destroy radicals and hydroperoxide: radical scavengers and peroxide decomposers [19,20].
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(15)








3. Peroxide Decomposers


Peroxide decomposers primarily act on alkyl hydroperoxides during the chain propagation, degrading them into low-reactive alcohols or inactive radicals to achieve antioxidant effects. Organosulfur compounds, organophosphorus compounds, sulfur–phosphorus compounds, and sulfur–nitrogen compounds are the most common peroxide decomposers.



3.1. Organosulfur Compounds


To improve the oxidation stability of lubricating oils in the early 19th century, researchers heated sulfur with mineral oils, including pine oil, polybutylene, and paraffin, to form sulfide oils, but the prepared sulfide oil has extremely strong corrosion to copper [21,22,23,24,25]. Haas [26] discovered sulfide fatty oils that had good oxidation resistance as well as some corrosion resistance. Figure 2 shows the antioxidation mechanism of alkyl sulfides [4,27]. As shown in Figure 2, alkyl sulfides reduce alkyl peroxides to produce alcohols and intermediates containing sulfoxide. These intermediates further generate the corresponding olefins and sulfenic acids (RSOH) through intramolecular β-hydrogen elimination. Similarly, sulfenic acids can promote the formation of alcohols and sulfur-oxy acids (RSO2H) by reducing peroxides once again. Then, the formed sulfur-oxy acids can continue to act as a reducing agent. Sulfur-oxy acids decompose into alkanes and SO2 under heating conditions. The S in SO2 has empty orbitals that accept electron pairs so that they exhibit strong Lewis acidity. Thus, SO2 accepts lone pairs of oxygen in alkyl peroxides, realizing the degradation of alkyl peroxides to alcohols, while SO2 is oxidized to SO3 or further oxidized to sulfuric acid. Bridgewater and coworkers [28] found that 1 mol of SO2 can catalyze the decomposition of 20,000 mol of cumene hydroperoxides.



The melting and boiling point of aromatic hydrocarbons is generally higher than that of aliphatic hydrocarbons, which is attributed to the greater intermolecular force (π-π bond) of the benzene ring than that of aliphatic hydrocarbons (van der Waals force). So the aromatic sulfide has stronger thermal stability compared to alkyl sulfides. The designability of aromatic sulfide is enhanced owing to the richness of structure and molecular weight of substituents. Figure 3 shows some common aromatic sulfides, such as alkyl phenol sulfide and benzyl sulfide. Moreover, the physicochemical properties of these compounds are dependent on the number and structure of substitutes [29,30,31,32]. Sulfur-containing organic compounds with cyclic structures are usually prepared by the reaction of aromatic hydrocarbons with sulfur (or sulfur dichloride). Moreover, heterocyclic sulfides have also been reported. For example, Askew et al. [33] synthesized a sulfide with heterocycle using sulfur and dicyclopentadiene, methylcyclopentadiene dimer, and 5-vinyl-2-norbornene as raw materials. Using 2.0 wt.%, this sulfide compound can prolong the oxidation induction time of naphtha by 155 min, and it is also an extreme pressure (EP) additive. Furthermore, sulfur-containing dihydrobenzothiophene with heterocyclic structures as lubricant additives have been reported by Oumar-Mahamat et al. [34]. Organosulfides with heterocycle are novel compounds that exhibit exceptional antioxidation, extreme pressure, and anti-wear properties.




3.2. Organophosphorus Compounds


Similar to sulfur, phosphorus can also intensify the oxidation resistance of lubricating oils and decrease oil sludge. Brown [35] found that 0.1–0.2 wt.% red phosphorus can effectively inhibit the formation of oil sludge in the tanks of electronic transformers. But phosphorus is added in a physical way, which is highly corrosive to metals and alloys. Therefore, oil-soluble phosphorus compounds (including natural and synthetic) are more practical as additives. Hall and Towne [36] added 0.01–2.0 wt.% natural phospholipid compounds into the lubricating oils in internal combustion engines. They found that the oxidation resistance of lubricating oils was significantly improved, and the deposition of paint film was decreased at an acceptable level. Many patents have also announced that natural organophosphorus can help enhance the oxidation stability of lubricating oils [37,38,39].


      R O     3   P + R O O H →     R O     3   P = O + R O H  



(16)






      R O     3   P + R O O · →     R O     3   P = O + R O ·  



(17)







Phosphite is a typical organophosphorus antioxidant. In fact, phosphite not only decomposes hydroperoxides but also has a reducing effect on alkyl peroxy radicals, as shown in Equations (16) and (17) [4]. In detail, phosphite is oxidized to phosphoric acid, and hydroperoxide and peroxy radicals are converted to alcohols and alkoxy radicals, respectively. Phosphite esters, such as tributyl phosphite and triphenyl phosphite, are the most representative of synthetic organophosphorus, and they are usually used to improve the oxidation stability of mineral-oil-based lubricants [40]. Nevertheless, the large use of organophosphorus antioxidants in automotive lubricating oils has caused serious problems because of high P content—for example, ternary catalysts poisoning, excessive emissions of exhaust pollutants, and so on. To further reduce the oxidation and P content of lubricating oils, organophosphorus compounds are often used in combination with other additives. Li et al. [41] synthesized a multifunctional lubricant additive containing hindered phenols through an ester exchange reaction. This additive can improve the anti-friction and anti-wear abilities as well as the base oil’s antioxidant properties. The rotary bomb oxidation test (RBOT) indicates that this additive can extend the oxidation induction time (OIT) of the base oils by at least 10 times. The reports on phosphite esters and other additives are listed in Table 1.




3.3. Sulfur–Phosphorus Compounds


Dialkyl dithiophosphate, which includes Zn, Mo, Ba, and Ca, has excellent antioxidant properties in lubricating oils, and researchers have focused a lot of attention on it. In particular, the most well-known salt is zinc dialkyl dithiophosphate (ZDDP), which has been used for more than half a century in transmission fluid and engine fields. This is attributed mainly to the formation of tribofilms containing sulfur and/or phosphorus by ZDDP, which helps the lubricating oils to resist oxidation [48]. Moreover, the generation of this tribofilm is closely related to the structure of ZDDP. The synthesis route of ZDDP is shown in Figure 4, where dialkyl dithiophosphoric acids, which are prepared by P2S5 react with alcohols, are combined with ZnO to synthesize ZDDP-1 or ZDDP-2 [4,49]. ZDDP-1 can form chelate ZDDP-2 with cage-like structures, and ZDDP-1 is generally in equilibrium with ZDDP-2 in lubricating oils [49,50]. To further improve the performance of ZDDP, the route for synthesizing ZDDP has been optimized by researchers. Rivier [51] reported a novel method for preparing ZDDP, which involves replacing the ROH in Figure 4 with a hydroxyl-containing ester formed from acid and alcohol. The performance of the prepared ZDDP in lubricating oils has been significantly improved. In addition, researchers have also attempted to improve ZDDP performance using other methods, such as using secondary and primary alcohols to obtain low molecular ZDDP or using a mixed salt of dialkyl dithiophosphoric acids and carboxylic acid to react with ZnO. The former aims to increase the proportion of Zn/P in ZDDP, which is beneficial for improving the solubility of ZDDP in lubricating oils [52], whereas the latter aims to enhance the thermal stability of ZDDP [53].



Molecular weight and structure also have a significant effect on the performance of dialkyl dithiophosphate in lubricating oils. Asseff [54] and Cook et al. [55] synthesized corresponding ZDDP from high molecular weight cycloalkanol and butylphenol, respectively. It was found that these synthesized sulfur–phosphorus compounds have outstanding effects in terms of antioxidant performance, thermal stability, and oil solubility. Similar research has also been conducted on molybdenum dialkyl dithiophosphate (MoDTP) in the design and synthesis of molecular structures. Sarin et al. [56] synthesized MoDTP with different alkyl lengths using amyl, octyl, 2-ethylhexyl, and isodecyl substituted ROH as raw materials. The synthesized MoDTP has antioxidation, anti-friction, and anti-wear properties comparable to commercial ZDDP in mineral oil, base oil, and finished engine oil. Therefore, dialkyl dithiophosphates (such as ZDDP and MDDP) have excellent antioxidant properties in lubricating oils as well as a variety of other important properties, so it is a multifunctional additive.



Unfortunately, dialkyl dithiophosphate has serious harmful effects on machinery equipment, ternary catalysts, and the environment due to high S and P contents. Improving dialkyl dithiophosphate performance and reducing its dosage in lubricating oils are an effective way to reduce the S and P contents. Ghanbari et al. [57] discovered an interaction between ZDDP (alkyl: isobutyl and isopentyl) and fullerene in an oxidation reaction initiated by azobisisobutyronitrile, confirming that fullerene C60 and its derivatives can significantly improve the antioxidant performance of ZDDP. Wang et al. [58] synthesized four Schiff base bridged phenolic diphenylamine (SSPDs, as shown in Figure 5) to investigate the antioxidant performance of SSPDs combined with ZDDP in poly-α-olefin (PAO) base oils, and the corresponding results are shown in Figure 6. Compared with a single ZDDP, the mixture of ZDDP and SSPDs added to PAO base oil has a larger OIT value. Meanwhile, the experimental results of OIT were significantly higher than the theoretical values, which is attributed to the intermolecular and intramolecular synergistic effects between SSPDs and ZDDP, while the intermolecular synergistic effect is achieved mainly by coordinating the nitrogen from imine in SSPDs with the zinc atom in ZDDP, resulting in the basic morphology of ZDDP (cage-like structure in Figure 4) decomposing into coordination compounds. At the same time, these coordination compounds possess strong adsorption on the metal surface, which accelerates the formation of tribofilm during the friction process, thereby effectively suppressing wear. Researchers also found that the mixture of methyl oleate (MO) and ZDDP has better performance in mineral oil than ZDDP alone because of the strong interaction between methyl oleate (MO) and ZDDP [59]. This result suggests that other fatty acid methyl esters (such as methyl linolenic acid and methyl linoleic acid) may have similar compatibility with ZDDP. The introduction of borate esters into ZDDP molecules was reported by Wang et al. [60]. It was found that compared to ZDDP, ZDDP containing borate ester has better antioxidant performance in Esterex A51 base oils (a dicarboxylic acid ester). In summary, replacing partial ZDDP by adding other additives is an effective way to reduce the content of S and P in lubricating oils. These studies verify the interaction or synergistic effect between ZDDP and other compounds, which effectively promotes the scientific development and innovative usage of antioxidants. Furthermore, Jin et al. [61] investigated the effect of a multi-phenol compound (THA in Figure 5) on the oxidation resistance of ester oils containing ZDDP. The prepared THA is not only beneficial for improving the antioxidant properties of ZDDP in triisodecyl trimellitate ester oil, but it can also be used alone to enhance the oxidation stability of ester oil. It is worth noting that THA has better antioxidant properties than ZDDP or a mixture of ZDDP and THA in ester oils. This provides a reference for the development of ashless and high-performance additives to replace ZDDP.




3.4. Sulfur–Nitrogen Compounds


With the continuous development of additives containing sulfur, phosphorus and sulfur–phosphorus, sulfur–nitrogen compounds have also been found to improve the oxidation resistance of lubricating oils. For example, dithiocarbamate, thiadiazole derivatives, phenothiazine, and diamine sulfides are sulfur–nitrogen compounds that can significantly improve the oxidation stability of lubricating oils. Dithiocarbamate was initially used as a fungicide and insecticide until it was used as an antioxidant in lubricating oil in the 1960s [4,62]. To meet the requirements of high-end equipment for lubricating oils, sulfur–nitrogen compounds are usually used in combination with other antioxidants to enhance the performance and service life of lubricants. Hu et al. [63] synthesized an oil-soluble sulfur- and phosphorus-free organic molybdenum complex (MC) and studied the effects of MC combined with methylene bis(di-n-butyldithiocarbamate) in the PAO derived lubricating oils. The differential scanning calorimetry (DSC) indicated that the introduction of MC significantly increases the initial oxidation temperature (IOT) and OIT value of base oils containing methylene bis(di-n-butyldithiocarbamate). At the same time, the combination of these two compounds can effectively inhibit the oxidation of base oils into compounds containing carbonyl and hydroxyl, which is because of the synergistic antioxidant effect between MC and bis(di-n-butyldithiocarbamate). In addition, the combination of methylene bis-dialkyl dithiocarbamate and radical scavengers, such as aromatic amines, hindered phenols, and triazole derivatives, also reveals excellent synergistic antioxidant effects in mineral and synthetic oils [64,65,66]. Especially in internal combustion engine oils with low phosphorus content (0.1 wt.%), these combinations exhibit outstanding synergistic effects [67].



In dithiocarbamate, the type of metal, including Zn, Cu, Pb, Sb, Bi, and Mo, can significantly affect their performance in lubricating oils [4]. Among them, molybdenum dithiocarbamate (MoDTC) has received widespread attention due to its ideal lubricating and antioxidant properties. Similarly, MoDTC can be combined with aromatic amines and hindered phenolic, exhibiting good synergistic antioxidant effects in lubricating oils. For example, a MoDTC, which contains approximately 7–24 carbon atoms, can effectively combine with alkylated diphenyl amines (ADPA) to improve the oxidation resistance of lubricating oils [68], while the mixture of ADPA and MoDTC (C8–23 and C3–18) with fewer carbon atoms has superior antioxidant properties in lubricants that contain <3 wt.% of aromatic content and <50 ppm of sulfur and nitrogen [69]. Furthermore, the MoDTC and hindered phenols are beneficial for increasing the oxidation resistance of lubricating oils that contain ≥45 wt.% of naphthenes and <50 ppm of sulfur and nitrogen [70]. Thiadiazole derivatives, particularly the monomers and dimers, can also exhibit significant antioxidant properties in base oils. Yao [71] demonstrated that monomeric 2-alkylesterthio-5-mercapto-1,3,4-thiadiazole has antioxidant properties via thin-layer oxidation experiments. Furthermore, Hoffman et al. [72] found that the 2,5-dithiobis(1,3,4-thiadiazole-2-thiol), a dimer, effectively boosts the oxidation resistance of lithium 12-hydroxystearate grease. Furthermore, sulfur- and nitrogen-containing antioxidants with cyclic structures also include phenothiazine. Phenothiazine compounds exhibit excellent antioxidant properties in aviation engine oils, such as oil-soluble N-substituted thio alkyl phenothiazines [73]. Table 2 shows the performances of various peroxide decomposers in base oils.





4. Radical Scavengers


Peroxide decomposers consist mainly of sulfur and phosphorus-containing compounds, but excessive sulfur and phosphorus content in lubricating oils can damage the environment and exhaust converter and reduce the service life of mechanical systems. The International Lubricant Standardization and Approval Committee (ILSAC) has introduced the GF-5 performance standard, which limits the content of phosphorus (≤0.08%) and sulfur (≤0.08%) [74,75,76]. Therefore, high-performance antioxidants with low or no sulfur and phosphorus play an important role in lubricating oils. Radical scavengers provide another pathway to block the autoxidation of lubricating oil. Namely, radical scavengers can donate hydrogen to combine with alkoxy radicals (RO·) and alkyl peroxy radicals (ROO·) to form stable hydrocarbons and hydroperoxides. After losing hydrogen, the corresponding radical scavengers become stable radicals. Aromatic amines and hindered phenols are two typical radical scavengers that play an important role in the oxidation resistance of lubricating oils.



4.1. Aromatic Amines


4.1.1. Antioxidation Mechanism of Aromatic Amines


Antioxidants are consumed by competition oxidation with base oil, which is favorable to preventing the oxidative degradation of lubricating oils. The dehydrogenation ability of antioxidants determines their performance in lubricating oils [77,78]. In aromatic amines, the p-π conjugated effect can be formed between the benzene ring and lone pair electron in the N atom, which greatly reduces the N-H bond energy. This phenomenon is conducive to improving the dehydrogenation ability of aromatic amines. Therefore, aromatic amines are prone to hydrogen abstraction by RO· and ROO· radicals, resulting in highly active radicals becoming stable compounds. ADPA, an aromatic amine compound, has excellent antioxidant properties, which is attributed to its high dehydrogenation ability. The antioxidation mechanism of ADPA is shown in Figure 7 [4].



The generation rate of alkyl peroxy radicals is extremely fast during the autoxidation of lubricating oils [4], so that the concentration of ROO· radicals increases rapidly in a short time. Therefore, the capturing hydrogen from antioxidants by ROO· radicals becomes the main reaction in the system. Meanwhile, this reaction pathway is also influenced by many factors, such as temperature, the ratio of peroxy radicals to alkyl radicals (i.e., degree of oxidation), and the aromatic amines structure [4,79]. Specifically, the antioxidation mechanism of alkylated diphenyl amines varies at different temperatures. The antioxidation mechanism of ADPA at low temperatures is shown in Figure 8a [4,80], in which aminyl radicals first attack ROO· radicals to generate nitroxyl and alkoxy radicals, respectively. Subsequently, nitroxyl radicals undergo repetitive reactions with alkyl peroxy radicals, ultimately dissociating to form a stable nitroxyl-peroxide complex and 1,4-benzoquinone. Among them, nitroxyl radicals have good stability during the reaction process, which is attributed to resonance structures shown in Figure 8b [80]. The antioxidation mechanism of ADPA at high temperatures is shown in Figure 9 [81]. Figure 9 shows that the nitroxyl radical is formed through two reactions between ADPA and radicals, and the generated nitroxyl radical intermediate can react with a secondary and tertiary alkyl radical, respectively. The N-sec-alkoxy diphenylamine formed by the former can thermally rearrange to form a ketone and regenerate the initial ADPA, and the N-hydroxyl diphenylamine intermediates generated by the latter react with ROO· radicals to form olefins and recyclable nitroxyl radicals. In theory, the alkyl diphenyl amine can continuously consume alkyl and alkyl peroxide radicals until the nitroxyl radical is destroyed. Holubec [82] found that 1 mol alkyl diphenyl amine can eliminate 12 mol radicals.




4.1.2. Alkyl Diphenylamine Antioxidants


The alkyl diphenylamine can be synthesized by reacting diphenylamine with alkylating reagents like alcohols, alkyl halides, aliphatic carbonyl compounds, and olefins. From an economic perspective, the formation of alkyl diphenylamine from olefins under acidic catalysts is an acceptable route for research and application [4]. The structure of alkyl diphenylamine can be effectively changed by designing olefins, such as spatial structure, carbon chain length, and molecular weight, which affects the physicochemical properties of ADPA and determines the performance of alkyl diphenylamine in lubricating oils. Hu et al. [83] synthesized a poly(diphenylamine) derivative (PDPA) using aniline, styrene, and formaldehyde as raw materials, as shown in Figure 10. It was found that PDPA can effectively reduce the total acid value of pentaerythritol ester base oil, exhibiting better antioxidant properties than traditional dioctyl diphenylamine, especially at PDPA concentrations of 0.5–0.8 wt.%. At the same time, adding PDPA also is beneficial to increase the IOT of the base oil, which provides hope for the development of oxidation resistance of ester oils at high temperatures. The structure of PDPA suggests that multiple imines units provide sufficient active hydrogen for the stabilization of radicals. Therefore, synthesizing a single molecule containing multiple imine groups is theoretically an effective way to develop high-performance antioxidants. Miao et al. [84] successfully synthesized 1,3,5-tris(phenylamino) benzene and its derivatives, as shown in Figure 11. The antioxidant properties of these substances in synthetic ester oils, such as di-isooctyl sebacate, petrochemical diester, trimethylolpropane trioleate, and thimellitate ester, were studied. 1,3,5-tris(phenylamino) benzene and its derivatives have the potential to be high-temperature antioxidants, owing to their ability to significantly prolong the OIT values of ester oils and to good antioxidant properties at high temperatures (150 and 210 °C). Different substituents obviously affect the performance of 1,3,5-tris(phenylamino) benzene derivatives in lubricating oils, which is because of the changes in molecular structure and electronic effects caused by substituents [84]. Shah et al. [85] also investigated the effect of substituents on the performance of ADPA, and they found that heterocyclic substituted diphenylamine is more effective than typical alkyl diphenylamine in terms of antioxidant properties. Meanwhile, the antioxidant performances are affected by the position of alkyl-substituted diphenylamine and environmental temperatures. At low temperatures (37 and 100 °C), the para-alkyl substitution contributes to improving the activity of generating diarylaminyl and diarylnitroxide due to the favorable electronic (stereo) effects, whereas ortho-alkyl substitution slightly decreases the reactivity. On the contrary, the formation of generating diarylaminyl and diarylnitroxide is almost independent of the alkyl-substituted position at high temperatures (160 °C). Noteworthy, Shah et al. [85] used electron spin resonance spectroscopy to demonstrate that a small amount of diarylnitroxide improves the antioxidant properties of diphenylamine, and the presence of benzylic C-H bonds in APDA can inhibit the formation of diarylnitroxide at high temperatures. Simultaneously, theoretical calculations predict that breaking benzylic C-H bonds can stabilize diphenylamine radicals, which greatly limits the formation of diarylnitroxide and leads to a significant increase in antioxidant efficiency at high temperatures [85]. These research results provide a rich experimental and theoretical basis for the development of high-performance aromatic amine antioxidants.



The synergistic effect of diphenylamine and other additives is an efficient means to improve the oxidation stability of base oil. Yao’s group [86,87,88] investigated the effect of alkali metal salts on the performance of dioctyldiphenylamine (DODPA) in pentaerythritol ester oils. DODPA can combine with sodium stearate, sodium acetylacetone, and perfluorobutyric acid salts (including Li, Na, and K) to exhibit excellent synergistic antioxidant effects in ester oils. This phenomenon is related to the radical content decreased by alkali metal salts. Especially in perfluorobutyric acid salts, the promoting effect of metal species on the antioxidant activity of DODPA has the following order: K > Na > Li. Hu’s group [75,89,90] successfully synthesized oil-soluble molybdate esters (ME), organic molybdenum complexes (MC), and molybdenum dithiocarbamate (MoDDC). The addition of ME, MC, and MoDDC significantly improved the IOT and OIT values of lubricating oils containing DODPA, suggesting that these molybdenum-containing compounds have a good antioxidant synergistic effect with DODPA. The MC can form a complex with DODPA, which effectively delays the consumption of DODPA in lubricating oil. The molybdenum atom in MoDDC can stabilize the radicals corresponding to DODPA, which is beneficial for the continuous elimination of R· and ROO· radicals. All of these behaviors can further improve the antioxidant efficiency of corresponding additives. Cai et al. [91] also reported a molybdenum-containing compound (polyisobutylene-based molybdenum, named as PIB-Mo) as a lubricant additive. At high temperatures, the high PIB-Mo content can enhance the antioxidant performance of phenylamine derivatives by about 6-fold. In addition, Hu et al. [92] found that organic titanates (STAE) can reduce the oxidation rate of DODPA in lubricating oil, and there is a synergistic antioxidant effect between STAE and DODPA, which is similar to the effect of MC on DODPA in lubricating oils. Chao et al. [93] synthesized a mono-substituted alkyl diphenylamine (s-ADPA in Figure 11), and the Kissinger method was used to demonstrate that combining s-ADPA with a sulfur-containing compound (DLTDP in Figure 11) not only increases the activation energy of oxidizing lubricants but also reduces the thermal oxidation rate. Obviously, s-ADPA and DLTDP are peroxide decomposers and radical scavengers, respectively. They have complementary mechanisms for preventing base oil oxidation, thereby showing outstanding synergistic antioxidant effects. In short, the antioxidant properties of alkyl diphenylamine can be further improved by designing multiple imines, adding sulfur-containing compounds and synthesizing organic metal-containing compounds such as Li, Na, K, Mo, and Ti. Recently, it was reported that a mixture of N1, N2-diphenylethane-1,2-diamine (ND) containing multiple imines and 2,6-di-tert-butyl-4-methylphenol (BHT) was used as an additive in di-2-ethylhexyl sebacate (DEHS) oils [94]. The synthesized ND compounds can not only increase the OIT, IOT, initial decomposition temperature (IDT), and maximum degradation temperature (MDT) of DEHS, but also it can inhibit oxidation of lubricating oils. It should be noted that phenols also have a significant synergistic effect with ND, leading to a significant improvement in the antioxidant performance of ND, and the corresponding synergistic mechanism is shown in Figure 12. This result provides robust experimental evidence for the use of aromatic amines together with hindered phenols, which is beneficial for inspiring the design and synthesis of phenolic amine molecules as antioxidants in lubricating oils.
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Figure 11. The reported structures of aromatic amines and sulfides (adapted from [84,93]). 
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Figure 12. The possible synergistic mechanism between ND and BHT [94]. 
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4.2. Hindered Phenols


4.2.1. Active Structure and Mechanism of Hindered Phenols


Hindered phenols exhibit antioxidant properties in lubricating oils because the hydrogen donated by reacting phenolic hydroxyl group with RO· and ROO· radicals, which is similar to the mechanism of aromatic amine molecules. Therefore, the excellent antioxidant properties of hindered phenols correspond to strong dehydrogenation ability to the phenolic hydroxyl group. The dehydrogenation ability of phenolic hydroxyl groups is closely related to the bond dissociation energy (BDE) of O-H bonds, and it is also influenced by the position and type of substituents on the benzene ring [95]. In hindered phenols, the type of substituent is usually the electronic-donating group. Kajiyama et al. [96] found that when electron-donating groups are substituted at the 2, 4, and 6 positions of phenol (i.e., ortho- and para-substituents), the hindered phenol can increase the reaction rate with the oxygen-containing radicals and stabilize the phenoxy radicals by inductive and hyperconjugation effects. The effect of substituent position on the antioxidant activities of hindered phenols follows the order: para > ortho > meta [95,97]. Namely, para-substituent can maximize the antioxidant activities of hindered phenols, which may be due to their multiple functions. On the one hand, the electron-donating properties of para-substituent increase the electron density of the oxygen atom in the phenols, enhancing the dipole moment between the O and H atoms in the phenolic hydroxyl group while reducing the BDE of O-H bonds [96,98,99]. On the other hand, the inductive effect of para-substituents locates electrons in the para position of phenols, which can effectively inhibit the coupling of phenoxy radicals [96]. In addition, based on structure and properties, para-substituents are often used to regulate the compatibility between hindered phenols and base oils. As a result, these functions of para-substituents are important in the effect of hindered phenols in lubricating oil.



The steric effect is the primary function of ortho-substituents in hindered phenols. The ortho-substituents with large steric hindrance (such as tert-butyl) can effectively prevent the autoxidation of hindered phenols, thereby providing sufficient hydrogen sources for the stabilization of RO· and ROO· radicals [96,100]. Furthermore, when the ortho-substituents of the phenols do not contain α hydrogen or α atoms without lone-pair electrons (such as S and O), it is beneficial for hindered phenols to exhibit excellent antioxidant properties. This is attributed to the fact that both α hydrogen and atoms with lone-pair electrons can form hydrogen bonds with phenolic hydroxyl groups, changing their electron density. This phenomenon greatly increases the energy required for RO· and ROO· radicals to capture hydrogen from phenolic hydroxyl groups [95,101]. The effect of meta-substituents on the antioxidant properties of hindered phenols is currently unclear due to limited research. At the beginning of this century, Kajiyama et al. [102] investigated the antioxidant properties of different meta-substituted phenols such as tert-butyl, -NH2, -OCH3, and -CH2CH3 as well as -OCH2C6H5. They found that the meta-substituents do not affect the antioxidant properties of phenols. However, further research and theoretical calculations are needed to confirm the universal impact and mechanisms of meta-substituents on the performance of hindered phenols. Currently, researchers primarily use 2,6-di-tert-butylphenol as the antioxidant active unit, and the performances of hindered phenols are studied by adjusting the para-substituents of phenols, the number of phenolic hydroxyl groups, and the designing synergistic effects.



The antioxidant mechanism of hindered phenols (2,6-di-tert-butyl-4-methylphenol as examples) in lubricating oil is shown in Figure 13a. Figure 13a shows that at low temperatures (≤120 °C), ROO· radicals and hindered phenols are converted to ROOH and phenoxy radicals, respectively [103]. On the one hand, the hydrogen atom is donated from one phenoxy radical to the other, thus regenerating a hindered phenol and a methylene cyclohexadienone, which allows hindered phenols to partially recover. On the other hand, the formed phenoxy radicals are stable and have low activity due to steric hindrance and conjugation effects, making it difficult for phenoxy radicals to capture hydrogen from hydrocarbons. Furthermore, radical electrons can be localized on the para position of phenols depending on the inductive effect of para-substituents [96]. Therefore, phenoxy radicals can be converted into cyclohexadienone radicals by conjugation effects, and the formed radicals can further bind with ROO· radicals to form cyclohexadienone alkyl peroxides [103]. Specifically, the hydrogen removed by hindered phenols primarily combines with ROO· radicals to form stable substances rather than with R· radicals during this process. This is attributed to the fact that the oxidation rates of ROO· radicals are much higher than the rates at which R· radicals capture hydrogen from hindered phenols (i.e., K2 >> K1, as shown in Figure 13b) [4]. In addition, high temperatures can reduce the stability of cyclohexadienone alkyl peroxides and degrade them into alkoxy and alkyl radicals as well as 2,6-di-t-butyl-1,4-benzoquinone [4]. These generated new radicals may accelerate the oxidation of lubricating oil, ultimately leading to a decrease in the antioxidant ability of hindered phenols. As a result, to avoid this situation, the development of hindered phenols with high-temperature resistance is currently an urgent topic.




4.2.2. Structural Design of Hindered Phenols


The antioxidation mechanism of hindered phenols indicates that phenolic hydroxyl groups play an important role in eliminating RO· and ROO· radicals; thus increasing the number of phenolic hydroxyl groups can theoretically improve the oxidation stability of lubricating oils. Researchers have employed a large number of strategies to synthesize antioxidants with multiple phenolic hydroxyl groups for studying their performance in lubricating oils. Molecules containing carboxyl, hydroxyl, and amino groups can serve as bridged centers that bind hindered phenols through a series of reactions such as esterification, coupling, and acylation to synthesize multi-phenol compounds. Suzuki et al. [104] synthesized pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) by esterification reactions with four 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoic acids, as shown in Figure 14a. This molecule has four active units (or phenolic hydroxyl groups) and prolongs the oxidation induction time from 3 h to 40 h for rapeseed oils. Zhang et al. [105] used dipentaerythritol that contains more hydroxyl groups as the bridged centers for esterification with 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionic acid and isostearic acid (C18), respectively, and the synthesized ester-phenolic antioxidant shows in Figure 14b. TG, DSC, and RBOT characterizations have proved that the ester-phenolic antioxidant has excellent antioxidant efficiency and thermal stability, as well as low volatility. Moreover, based on the structure of Figure 14b, it can be seen that the ester-phenolic compound is a functional complex that can serve as both antioxidants and synthetic ester lubricating oils. In addition, Singh et al. [106] also used pentaerythritol to synthesize a multi-phenol compound containing three hindered phenolic units (Figure 14c), and the performance of the multi-phenol compounds in lubricating oil was studied. It was found that compound c1 (R = OH) has better antioxidant properties compared to compound c2 (R = tert-butyl), which may be related to the number of phenolic hydroxyl groups. The synthesis of multi-phenol compounds via the bridged centers greatly improves the designability of antioxidants, because the functional groups and structures of the bridged molecules can be designed and synthesized according to required performances. Aside from pentaerythritol, other compounds like 1,2,4,5-benzenetetracarboxylic acid, chitosan, and L-cysteine can also be used to bind multiple hindered phenolic units, and corresponding compounds are illustrated in Figure 14d–h. Compounds d and e can significantly improve the oxidation stability of lubricating oils [107,108]. When the temperature is 150 °C, adding 3000 ppm compound d can increase the oxidation stability of N-butyl palmitate/stearate oil by 1.5 times compared with no additives [107]. The prepared compound f can increase the RBOT time of lubricating oil by 2.59 times at a concentration of 2000 mg/kg [109]. Compound g is synthesized in two steps. First, heterocyclic 3,5-diamino-1,2,4-triazole is coupled with 3,5-di-tert-butyl-4-hydroxybenzaldehyde to give the intermediate Schiff base, and then Compound g is synthesized by the alkylation between the intermediate with bromododecane. Compound g can increase the RBOT time by 70.76% at 5000 ppm concentration in polyol base oils [110]. Finally, Compound h was synthesized from cyanuric chloride and 2,6-di-tert-butyl-4-mercaptophenol under the catalysis of K2CO3. Compared with industrial phenol antioxidants, Compound h has better thermal stability and antioxidant effect in triisodecyl trimellitate ester oils [61].



The above research results indicate that high-performance multi-phenol compounds can be effectively synthesized by selecting or designing bridging molecules to connect phenolic units. These prepared compounds exhibit significantly higher antioxidant effects than traditional hindered phenols. To investigate the effect of bridging molecules on the antioxidant properties of corresponding multi-phenol compounds, Higgins et al. [111] prepared a series of tri-armed phenolic antioxidants using glycerol, triethanolamine, and triisopropanolamine derivatives as bridged centers, and they found that bridging molecules unnecessarily contribute to the antioxidant properties; on the contrary, the solubility of additives is just as important as antioxidant functionality. Therefore, increasing solubility and the number of phenolic units are favorable factors for improving additive performances. Huang et al. [112] synthesized a 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionic acid (DBHP)-functionalized ZnO nanoparticle (DBHP-ZnO), as shown in compound 1 in Figure 15. The surface of DBHP-ZnO nanoparticles has extremely rich phenolic units, and it exhibits better thermal stability and antioxidant properties than DBHP in the di-iso-octylsebacate (DIOS) base oil, which is attributed to the fact that DIOS containing DBHP-ZnO nanoparticles have the lowest reaction constant and the longest half-life period compared to those of individual DBHP and ZnO nanoparticles. In Figure 15, Compound 2, which possesses abundant phenolic units, was synthesized by Higgins et al. [113]. The dendritic structure of Compound 2 greatly enhances its solubility in lubricating oils. Compared with commercial Irganox L135 and Irganox L57 antioxidants, Compound 2 has outstanding advantages in terms of thermal stability and antioxidant ability. In addition, phenolic units can be bonded by polymerization, and the obtained multi-phenol compounds also show excellent properties in lubricating oils [76,114]. Therefore, increasing the number of phenolic units is beneficial for improving the antioxidant efficiency.



The hindered phenols mobility and the permeability of O2 can also affect antioxidant properties to a certain extent. Molecular simulations showed that high molecular weight and long alkyl chains have better physical resistance to the permeability of O2 in lubricating oils [12]. Furthermore, the hindered phenols with longer para-alkyl chains possess higher activity to scavenge the radicals, which may be because the polarity of corresponding phenols is similar to that of lubricating oils, resulting in better solubility and thus improving effective contact with radicals. Rios et al. [115] and Zhang et al. [116] introduced long alkyl chains and carbon chains containing ester groups on the para-position of phenols, respectively, leading to a significant improvement in antioxidant performances. The introduction of sulfur to the para-alkyl chains has also been extensively studied to form bifunctional antioxidants that possess peroxide decomposers and radical scavengers, and the reported molecular structure is shown in Figure 15. Compound 3, which was synthesized by a two-step method using methyl oleate as the raw material, has almost the same antioxidant efficiency as ZDDP [117], suggesting that Compound 3 has the potential to replace traditional antioxidants. Nath et al. [118] found that Compound 4 can prevent premature oxidation and degradation of trimethylolpropane trioleate (TMPTO), which significantly improves the oxidation stability of TMPTO. The antioxidant ability of 3 wt.% Compound 4 in lubricating oils is 15.3 and 4.4 times that of commercial hindered phenols and Irganox 1076, respectively. The antioxidant properties of Compound 5 in lithium complex grease (LCG) is significantly better than that of traditional ZDDP. Meanwhile, Compound 5 can form a film composed of iron oxide, iron sulfate, and nitrogen oxide, exhibiting better anti-friction and anti-wear ability than traditional ZDDP [119]. Hence, these results provide strong evidence of combining active units of radical scavengers with peroxide decomposers, and corresponding molecules show excellent antioxidant properties and potential to replace traditional antioxidants. These prepared compounds simultaneously are a multi-effect additive and possess anti-friction and anti-wear properties.
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Figure 15. Multi-phenol compounds and sulfur-containing hindered phenols (adapted from [112,113,117,118,119]). 
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4.3. Phenolic Amine Complex and Its Derivatives


Phenolic compounds and diphenylamine are two widely used antioxidants that exhibit excellent performance in lubricating oils. Among phenolic compounds, hindered phenols are particularly prevalent in automotive lubricants due to their minimal toxicity and environmental friendliness [120]. Nevertheless, the effectiveness of hindered phenols is limited in severe conditions due to their low operating temperature [121,122,123,124]. Compared with hindered phenol, diphenylamine has higher antioxidant properties at high temperatures and is often used in heavy machinery, but its antioxidant properties still need to be further improved to meet the new needs of social development. Therefore, the design and development of additives with excellent antioxidant properties at high temperatures are urgently needed. Chao et al. [94] investigated the addition of hindered phenol and diphenylamine to lubricating oils through physical mixing. Meanwhile, the combination of these two molecules exhibited a synergistic effect and can significantly enhance the oxidant stability of the lubricating oils. This remarkable finding has motivated researchers to explore new approaches to designing antioxidants. Namely, they have focused on combining hindered phenol and diphenylamine moieties to create a novel molecule. Theoretically, increasing the molecular weight can enhance the thermal stability of the phenolic amine complex. In addition to the intermolecular synergistic effect between the phenolic and amine segments, there may also be an intramolecular synergistic effect, which improves the antioxidant efficiency of the phenolic amine complex. Furthermore, the designed complex effectively reduces the additive amount in lubricant formulations.



A phenolic amine complex, which bridges hindered phenol and diphenylamine moieties via chemical bonds, was successfully synthesized by Yu’s group [120,125]. It was discovered that this complex has stronger thermal stability and antioxidant properties than the physical mixture of hindered phenol and diphenylamine. As illustrated in Figure 16, Yu et al. [120] used the Schiff base to bridge these two moieties to synthesize SPD1 and SPD2 molecules with different structures. TGA and pressurized differential scanning calorimetry (PDSC) characterization showed that both SPD1 and SPD2 molecules had good thermal stability and antioxidant properties. Electron paramagnetic resonance (EPR) confirms that SPD1′s phenolic hydroxyl group forms an intramolecular hydrogen bond with the N atom in the Schiff base unit, preventing ROO· radicals from extracting hydrogen from the group. Therefore, the antioxidant mechanism of SPD1 is similar to that of diphenylamine. The SPD2 molecules indirectly generate phenoxy radicals via a synergistic effect between phenol and amine. The reason is that diphenylamine reacts more actively than phenols, and the formed phenolic radicals are more stable compared to nitrogen radicals. As a result, when exposed to ROO· radicals, the SPD2 molecule will continue to uncover the highly reactive diphenylamine, while there might also be intermolecular synergistic effects between SPD2 molecules. These factors can effectively improve the performance and life of antioxidants. In addition, in 150SN base oil, there is a unique intermolecular synergistic effect between SPD1 (or SPD2) molecules and sulfur compounds [120], but physical mixing may not maximize the intermolecular synergistic effects. To introduce the S element into the phenolic amine complex, Yu’s group [125] designed and synthesized a series of sulfur-containing SSPDs (s = 1 to 6) compounds, as shown in Figure 16. They found that SSPDs with various structures (s = 1 to 6) exhibit obviously different antioxidant activities. Among them, SSPD1 and SSPD4 molecules did not significantly improve the oxidation resistance of lubricating oils, which is attributed to the large steric hindrance and intramolecular hydrogen bonds in these two molecules, resulting in difficulty for ROO· radicals to capture hydrogen from phenolic hydroxyl and imine groups. On the contrary, other SSPD compounds can increase the OIT value of the base oil to varying degrees. Compared with traditional industrial antioxidants, such as Irganox 1076 and diphenylamine, SSPDs (s = 2, 3, 5, and 6) have increased the OIT value of lubricating oils by tens of times. Especially, the SSPD5 compound shows the best reactivity, and its antioxidant efficiency is 3.45 times that of Irganox 1076 and 2.77 times that of diphenylamine. It is worth noting that the structures of SSPD2 and SSDP5 are similar, but their antioxidant efficiency is obviously different, which is related to the different sulfur-containing groups. The benzylthiomethyl-substituted SSPD5 can obtain higher antioxidant efficiency compared to the n-octylthiomethyl-substituted SSPD2 regardless of the relative position of the active moieties [125]. Wang et al. [58] mixed SSPD2, SSPD3, SSPD5, or SSPD6 molecules with ZDDP into lubricating oils, respectively. They found a unique synergistic antioxidant effect between them. Furthermore, these SSPD compounds can selectively decompose ZDDP and then further form complexes with zinc atoms in ZDDP, which is beneficial for reducing the friction and wear of lubricating oil.



Based on the reported phenolic amine complex, Higgins et al. [126] replaced Schiff bases with other bridging units and investigated the effects of bridging unit length and alkyl functionalization on the properties of the corresponding complex. The addition of alkyl chains into the complex can improve the solubility in the oils, thereby promoting effective contact between the complex and radicals. Meanwhile, when the bridging unit is relatively long like the ethyl group, the prepared phenolic amine complex has a longer OIT value compared to commercially available additives (a 1:1 mixture of Irganox L135 and L57). This phenomenon is attributed to the small steric hindrance of the imine group, allowing radicals to easily capture hydrogen. In addition, Wang et al. [127,128] even introduced B and F elements into SPD and SSPD molecules to prepare BSPD, SSPD-BF1, and SSPD-BF2 compounds, as shown in Figure 16. TGA indicated that the weight loss phenomenon of BSPD occurs at relatively high temperatures, and the corresponding temperatures for BSPD at 5% and 95% weight loss are 328 and 414 °C, respectively. The OIT value of BSPD in epoxidized soybean oils is 1.20, 2.0, and 8.4 times higher than SPD1, diphenylamine, and 2,6-di-tert-butyl-4-methylphenol, respectively. As a result, the synthesized BSPD has good thermal stability and antioxidant properties [128], while the antioxidant properties of SSPD-BF1 and SSPD-BF2 additives are superior to diphenylamine and traditional ZDDP at high temperatures [127]. Furthermore, this additive type has good anti-friction ability because of the introduction of B and F elements in the molecule regardless of the aniline structure. This provides a good reference for the design and development of multifunctional lubricant additives.
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Figure 16. Phenolic amine complex and its derivatives (adapted from [120,125,127,128]). 
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The above results indicate that Schiff bases and long-chain hydrocarbons can effectively bridge hindered phenols and diphenylamine moieties to form high-performance phenolic amine complex through appropriate catalytic processes. Miao et al. [129,130] synthesized poly(p-methoxyphenol-phenylamine) (P(MOP-PA)) via the enzymatic oligomerization of p-methoxyphenol and phenylamine monomers. The antioxidant properties of as-synthesized P(MOP-PA) is studied in synthetic ester oils such as di-iso-octyl sebacate, castor, and soybean oils. It was found that among the three selected base oils, the P(MOP-PA) antioxidant effectively prolongs the OIT value of the oils and shows much better high-temperature antioxidant properties than poly(p-methoxyphenol) and commercial hindered phenols. Meanwhile, Gaussian simulation indicates that the antioxidant mechanism of P(MOP-PA) originates from intramolecular coordination, which is conducive to reducing the activation energy of hydrogen transfer and to stabilizing the transition state of nitrogen radicals [130]. At present, synthetic 2,6-di-tert-butylphenol, as the most popular and typical antioxidant active unit, has become a research hotspot for lubricant additives. To promote the sustainable development between energy and the environment, Feng et al. [131] developed biophenolic compounds as an effective biological antioxidant. They synthesized three phenolic amine antioxidants (BAs) by condensing hydrogenated cardanol (HC) with aromatic amines and paraformaldehyde using the Mannich reaction, as shown in Figure 17a. The research shows that the radical scavenging ability of the prepared BAs is much higher than that of commercial antioxidants. Especially, the BA1 compound shows excellent antioxidant properties and thermo-oxidative stability in dipentaerythritol ester, which is attributed mainly to the intramolecular hydrogen transfer from Ar-OH to N-H in the diphenylamine group and Ar-OH regeneration through intramolecular hydrogen bonds, and a corresponding mechanism is shown in Figure 18 [131]. The base oils mainly include mineral oils [132], synthetic oils such as poly-α-olefin [133], synthetic ester oils [134], and bio-based greases [135]. Among them, bio-based grease is more environmentally friendly and energy-saving compared to other base oils. However, bio-based grease faces great challenges in practical applications because of low antioxidation properties at high temperatures. In view of this, Zhao et al. [136] designed and synthesized bio-based multifunctional antioxidants (BMAs) using biophenols (gallic acid, caffeic acid, and p-hydroxycinnamic acid) and 4-aminodiphenylamine as raw materials, as shown in Figure 17b. The doping of BMAs additives can increase the OIT value of rapeseed oils, coconut oils, and epoxy soybean oils by approximately 2.2, 14.0, and 32.0 times, respectively. Compared with commercial BHT and diphenylamine, BMA compounds have better thermal stability and radical scavenging efficiency, which is attributed to the fact that combining biophenols and arylamines has increased the molecular weight and electron transfer rate. At the same time, adding BMAs into biomass lubricating oils with different degrees of saturation can also effectively improve the antioxidant properties of the corresponding oils, and the antioxidant properties of BMAs improve with the increase of the number of phenolic hydroxyl groups [136]. These studies provide a new concept for the preparation of high-efficiency antioxidants by combining biophenols with aniline in one molecule, which lays a commendable foundation for promoting the development of bio-based antioxidants. Although bio-based greases have obvious energy and environmental benefits, low boiling point and easy volatility limit their application fields to some extent, such as heavy machinery. As a result, applying bio-based greases at high temperatures will inevitably require higher additive levels. To achieve large-scale application of bio-based greases, it is necessary to regulate the nature of the oil (such as oil modification) to overcome the disadvantages of low boiling point and high volatility. Meanwhile, the characteristics of additives that match bio-based greases, such as structure-activity relationships, should also be studied and proven. Finally, Table 3 summarizes the performances of various radical scavengers in lubricating oils.





5. Summary and Prospects


Antioxidants are crucial in improving thermal stability and maintaining the specific function of lubricating oils. This review focuses on additives and discusses the performance of antioxidants in lubricating oils, and the antioxidants include sulfur compounds, phosphorus compounds, sulfur–phosphorus compounds, sulfur–nitrogen compounds, aromatic amines, and hindered phenols as well as the phenolic amine complex. Traditional antioxidants, such as ZDDP, have excellent antioxidant properties in lubricating oil, but high concentrations of S and P can seriously harm mechanical equipment, ternary catalysts, and the natural environment. Based on this, researchers combined a small amount of ZDDP with other additives (such as radical scavengers) in lubricating oils, and synergistic antioxidant properties between them were discovered. To prepare high-end “green” lubricants, hindered phenol and aromatic amine antioxidants have received widespread attention. Nevertheless, the thermal stability and antioxidant properties of these additives are unsatisfactory. Hence, the innovative molecules, which contain multiple phenolic hydroxyls or imine groups, were designed and synthesized by a series of strategic approaches, such as bridged centers or chemical bonds, surface functionalization of inorganic particles, and polymerization. These molecules exhibit outstanding high-temperature antioxidant properties in lubricating oils. In addition, the hindered phenol and aromatic amine structures moieties within a single molecule have also been designed and synthesized to form the phenolic amine complex. Furthermore, by functionalizing the complex with alkyl groups and incorporating sulfur atoms into the alkyl chain, it can produce antioxidants with both intramolecular and intermolecular (multiple) synergistic effects.



Due to the high demand for high-end lubricant additives in technological development, the development of “green” and high-performance antioxidants in lubricants remains a challenge. According to current research results, the following directions may emerge in the development of future antioxidants:




	(i)

	
Developing toward ashless antioxidants that are sulfur- and phosphorus-free to reduce pollution and oil ash.




	(ii)

	
Developing toward multi-phenol antioxidants because of higher antioxidant properties compared to the single phenolic compounds.




	(iii)

	
Developing toward macromolecules, such as the alkylation and aromatization of multi-phenols and alkylated aromatic amines.




	(iv)

	
Developing toward composite antioxidants. This is because these composites can effectively improve the oxidation resistance of lubricating oil at high temperatures.
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Figure 1. Schematic diagram of the oxidation mechanism of hydrocarbon lubricants. 
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Figure 2. The antioxidant mechanism of alkyl sulfides (adapted from [4]). 
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Figure 3. Examples of sulfur-containing antioxidants. 






Figure 3. Examples of sulfur-containing antioxidants.



[image: Lubricants 12 00115 g003]







[image: Lubricants 12 00115 g004] 





Figure 4. The synthesis route of ZDDP (adapted from [49]). 
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Figure 5. The structures of selected antioxidants, ZDDP and THA (adapted from [58,61]). 
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Figure 6. The effect of SSPDs on antioxidant properties of ZDDP in PAO base oil [58]. 
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Figure 7. The antioxidation mechanism of alkyl diphenyl amine [4]. 
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Figure 8. (a) The antioxidant mechanism of alkyl diphenyl amine at low temperature (<120 °C) [4,80], and (b) resonance structure of nitroxyl radicals in aromatic amines [80]. 
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Figure 9. Antioxidant mechanism of alkyl diphenylamine at high temperature (>120 °C) [81]. 
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Figure 10. The synthesis route of polydiphenylamine derivatives (adapted from [83]). 
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Figure 13. (a) The antioxidant mechanism of hindered phenols, and (b) reactivity of hindered phenol with alkyl radical (adapted from [4,103]). 
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Figure 14. Synthesis of multi-phenol compounds through the coupling of bridging molecules (adapted from [61,104,105,106,107,108,109,110]). 
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Figure 17. (a) Phenolic amine prepared from biological hydrogenated cardanol and aromatic amines, and (b) The structures of bio-based multifunctional antioxidants (BMAs) (adapted from [131,136]). 
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Figure 18. The intramolecular synergistic antioxidant mechanism of BA1 [131]. 
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Table 1. The application of phosphite ester in combination with other additives.
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	Lubricant Type
	Phosphite Ester
	Supplementary Antioxidants
	Reference





	Hydraulic fluids
	Trialkyl phosphites
	Secondary aminic and hindered phenolic
	[42]



	Compressor oils
	Tributyl phosphite, triphenyl phosphite, and tridecyl phosphite, etc.
	As above
	[43]



	Automotive and industrial lubricants
	Triphenyl phosphite, dilauryl phosphite, diisodecyl pentaerythritol diphosphate, etc.
	As above
	[44]



	Automotive and industrial lubricants
	Triaryl phosphites, alkyl aryl phosphites, and acid dialkyl phosphites, etc.
	As above
	[45]



	Steam turbine oils
	Triphenyl phosphite
	Alkylated diphenylamine
	[46]



	Hydraulic fluids and steam turbine oils
	Steric hindered tributyl phosphite, bis(butylphenyl pentaerythritol) diphosphite
	(3,5-Di-t-butyl)4-hydroxybenzyl isocyanurate
	[47]










 





Table 2. The summary of research on various peroxide decomposers.
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Additive Types

	
Additive Contents

	
Based Oils

	
Performances

	
Advantage

	
Disadvantage

	
Ref.






	
1

	
Sulfide fatty oils

	
-

	
Itself

	
Improved antioxidant performances

	
Simple preparation

	
The high S contents corrode metals and limit their large-scale application

	
[26]




	
2

	
Dihydrobenzothiophenes

	
1.0 wt.%

	
Mineral oils

	
Antioxidant and antiwear performances

	
Better thermostability than alkyl sulfide

	
[34]




	
3

	
Heterocyclic sulfide

	
2.0 wt.%

	
Naphtha

	
Increased OIT values

	
Having both anticorrosive and extreme-pressure performances

	
[33]




	
4

	
Natural phospholipid compounds

	
0.01–2.0 wt.%

	
Motor oils

	
Decreased paint film and improved the oxidation resistance of oils

	
Naturally degradable

	
The high S and P contents damage mechanical equipment, ternary catalysts, and environment

	
[36]




	
5

	
ZDDP

	
0.4 wt.%

	
Naphtha

	
Good antioxidant performance

	
Having both thermal stability and oil solubility

	
[55]




	
6

	
MoDTP

	
0.2 wt.%

	
Mineral oils

	
Antioxidation properties comparable to commercial ZDDP

	
Having both anti-friction and anti-wear performances

	
[56]




	
7

	
ZDDP+ phenolic diphenylamine

	
0.64 wt.% + 5 μmol/g

	
Poly-α-olefin

	
synergism between them and improved antioxidant performance

	
Having both anti-wear and extreme pressure performance

	
Relatively high S dosage

	
[58]




	
8

	
ZDDP + methyl oleate

	
0–2.0 wt.% + 0–20 wt.%

	
Mineral oils

	
Improved antioxidation ability of ZDDP

	
Reduced P and S dosage to a certain extent

	
Impaired anti-wear capacity of ZDDP

	
[59]




	
9

	
ZDDP+ multi-phenol compounds

	
0.5 wt.% + 1.0 wt.%

	
Triisodecyl trimellitate

	
Higher thermal stability and antioxidation ability than commercial phenols

	
Reduced P and S dosage to a certain extent

	
THA alone does not improve its tribological performance

	
[61]




	
10

	
Organic molybdenum complex + methylene bis(di-n-butyldithiocarbamate)

	
1.0 wt.% + 0.5 wt.%

	
Poly-α-olefin derivatives

	
Increased IOT, OIT values, and antioxidation performance

	
Synergistic effect

	
Unclear in the pattern and structure of the coordination of Mo with N or S

	
[63]




	
11

	
Methylene bis(dialkyl dithiocarbamate) + 4-methyl-2,6-ditertiary butyl phenol

	
0.1–4.0 wt.% + 0.01–2.0 wt.%

	
Paraffinic oils

	
Improved antioxidation performance

	
Synergistic effect

	
Relatively high S dosage

	
[64]




	
12

	
2,5-dithiobis(1,3,4-thiadiazole-2-thiol)

	
0.1–10.0 wt.%

	
Lithium 12-hydroxystearate greases

	
Improved antioxidation performance

	
Having extreme-pressure performance

	
Relatively high S dosage

	
[72]




	
13

	
N-substituted phenothiazine derivatives

	
5.0 wt.%

	
SAE 30 motor oils

	
Improved antioxidation performance

	
Having both anticorrosive and extreme-pressure performance

	
Relatively high S dosage

	
[73]
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	Additive Types
	Additive Contents
	Based Oils
	Performances and Benefits
	Ref.





	1
	Poly(diphenylamine) derivatives
	0.5~0.8 wt.%
	Pentaerythritol ester oils
	Reduced the total acid value of base oils, improved IOT values, and antioxidant performances
	[83]



	2
	1,3,5-tris(phenylamino) benzene
	0.5 wt.%
	Synthetic ester oils
	High-temperature antioxidants (210 °C)

Improved IOT values and antioxidant performances
	[84]



	3
	Dioctyldiphenylamine + sodium stearate
	1.0 wt.% + 0.06 wt.%
	Pentaerythritol ester oils
	Synergistic effect

Reduced the acid value and viscosity of oils
	[86]



	4
	Dioctyldiphenylamine + perfluorobutyric

acid salts
	1.0 wt.% + 0.06 wt.%
	Pentaerythritol ester oils
	Synergistic effect

Reduced the acid value and viscosity of oils
	[87]



	5
	Dioctyldiphenylamine + acetylacetone
	1.0 wt.% + 0.06 wt.%
	Pentaerythritol ester oils
	Synergistic effect

Reduced the acid value and viscosity of oils
	[88]



	6
	Dioctyldiphenylamine + molybdate esters
	1.0 wt.% + 0.5 wt.%
	Poly-α-olefin
	Synergistic effect

Improved the IOT and OIT values
	[75]



	7
	Dioctyldiphenylamine + organic molybdenum complexes
	1.0 wt.% + 0.5–1.0 wt.%
	Poly-α-olefin
	Synergistic effect

Reduced the acid value, oxidation, and deposition of oils
	[89]



	8
	Dioctyldiphenylamine + molybdenum dithiocarbamate
	1.0 wt.% + 0.5 wt.%
	Poly-α-olefin
	Synergistic effect

Reduced the oxidation and deposition of oils
	[90]



	9
	Dioctyldiphenylamine + organic titanates
	0.5 wt.% + 0.5–3.0 wt.%
	Poly-α-olefin
	Synergistic effect

Reduced the oxidation rates of oils
	[92]



	10
	Pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate)
	0.95 wt.%
	Rapeseed oils
	Improved the OIT values and antioxidation performances
	[104]



	11
	Ester-phenolic compounds
	0.5 wt.%
	Mineral oils
	Decreased volatility

Improved the OIT values and thermal stability
	[105]



	12
	Acylated chitosan Schiff base
	3000 ppm
	N-butyl palmitate/stearate oils
	Improved RBOT time and thermo-oxidative stability

Decreased friction coefficient and wear diameter
	[107]



	13
	Triazole derivatives
	5000 ppm
	Polyol oils
	Improved antioxidant and anti-corrosion performances
	[110]



	14
	2,4,6-tris(3,5-di-tert-butyl-4-hydroxyphenylthio)-1,3,5-triazine
	1 wt.%
	Triisodecyl trimellitat