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Abstract

:

Vegetable oil (VO)-based lubricants are environmentally friendly replacements for mineral oils. This work critically reviews the literature and identifies the molecular structures in VO-based lubricants which have been used to improve performance. The specific roles that size, type, number, position, spatial arrangement, and symmetry play in determining lubricating functionality were highlighted. Data were systematically collected to identify the contributions of major structural components and relate them to specific physical functionality measurables. The relationships were presented to reveal structure–function trends. Empirical predictive relationships between flow and thermal transition properties and structures were established. Molecular mass was revealed to be a fundamental determinant of viscosity and transition temperatures, but these properties were shown to also be influenced by other structural factors such as polar functional groups, branching, and symmetry. Almost all the examined viscosity data plotted versus molecular mass are enclosed within the 95% prediction band of an exponential rise to a maximum function (R2 = 0.7897). Generally, for both flow and thermal transition, a given structure versus function follows simple linear or exponential functions with unbranched VO-based lubricants, lending themselves more easily to strong correlations. This review is a first step towards comprehensively relating structure to lubrication function. The revealed relationships of structural contributions to the lubricating functionality of VO-based lubricants provide insights that may be used to extend the ranges of chemical and physical properties of some molecular architectures examined.
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1. Introduction


Vegetable oils (VOs) provide significant prospects for sustainable biomaterial production, including lubricants. VOs as a renewable feedstock for lubricants, however, also present barriers and challenges ranging from ethical concerns regarding the use of edible crops in the production of industrial materials, to environmental impacts of the synthetic routes used, economic viability, and consumer acceptance. These challenges are progressively addressed by a large and growing number of high-quality research communications and several successful VO-based products are already in use, albeit with limited market share. This review seeks to utilize this body of literature to extract structure–function relationships, with attention paid to differences under which the various derivatives have been evaluated in terms of lubricating properties.



1.1. Methodology and Layout of the Review


Although the effects of chemical structure on VO-based lubricant properties have been extensively studied [1] a systematic approach that would lead to predictive relationships is lacking. This work critically reviews the literature on VO-based lubricants from a perspective of structure–function relationships, focusing on flow and thermal transition behaviors. It identifies the contributions of the major structural components and relates them to function: it is, therefore, the first step towards relating structure to lubrication function, but by no means does it address the need for a fully comprehensive analysis of the relationships between structure and function of VO-based lubricants.



The data were organized to reveal structure–function trends; more specifically, roles of size, type, number, position, spatial arrangement, and symmetry on flow and phase transformation properties. Predictive empirical structure–property correlations were extracted from the literature data by interrogating separate studies under similar conditions. The change in Gibbs free energy at the solid–liquid transition (Equation (2)) was used as a theoretical basis to explain and predict the trends that structural elements impose on the enthalpy and entropy of lubricant molecules, which ultimately impact lubricating functionality. It was used as a guide to understanding the contribution of specific structural elements to the thermal transition parameters of lubricants given a particular molecular architecture.



This section (Section 1) introduces VO-based lubricants. Section 1.2 presents the categories and the physicochemical characteristics of lubricants generally and Section 1.3 those of biobased lubricants. The advantages and disadvantages of biobased lubricants are discussed in Section 1.4. The major constituent structures of biobased lubricants and their molecular arrangement which dictate their overall effect and contribution to the physicochemical properties are described in Section 1.5. Gibbs free energy is introduced in Section 1.6 as a guide to interrogate structural contributions to phase change.



Section 2 discusses VO and derivatives as feedstock to synthesize lubricants. Section 2 presents the VO chemical structure and Section 2.1 outlines the structural features of triacylglycerols (TAGs). Section 2.2 summarizes the chemical routes which have been used to prepare VO-based lubricants and lists the most common ester lubricant categories. The salient properties of existing commercial VO-based lubricants are tabulated in Section 3.



Section 4 discusses the role of structure in the rheological behavior of VO-based lubricants. The power index from the Herschel–Bulkley function is used in Section 4.1 to analyze the shear rate versus shear stress data of VO-based lubricants and to determine relationships between flow type and structure. The power index was expressed in terms of molecular mass, branching, saturation, and functional groups, discussed and modeled when clear and predictive trends are observed. Viscosity data of VO-based lubricants are analyzed and discussed in Section 4.2. When possible, the intricate effects of mass, double bonds, branching, and functional groups on viscosity were separated and modeled (Section 4.2.1, Section 4.2.2, Section 4.2.3 and Section 4.2.4).



The role of structure in the thermal transition behavior of VO-based lubricants is discussed in Section 5. The melting point/pour point was particularly examined to elucidate the roles of mass/chain length, number, configuration, and position of double bonds, branching, and functional groups (Section 5.1, Section 5.2, Section 5.3 and Section 5.4). The data were modeled with appropriate functions when they lent themselves to clear interpretation. Challenges faced by research on VO-based lubricants and perspectives for biobased lubricants are outlined in Section 6. A conclusion is provided in Section 7.




1.2. Lubricants Categories and Their Physicochemical Characteristics


1.2.1. Lubricants Categories


Lubricants are materials used in various industrial processes to essentially control friction, clean the points of contact and dissipate heat [2]. In these functions, lubricants increase operational efficiency and material service life [3]. The global lubricant market is considerable. The global volume demand for lubricants which was 37 million tons in 2020 [4] is expected to grow to 38.1 million tons by 2028 [5]. The global market value is projected to grow from USD 117.31 billion in 2022 to USD 131.33 billion by 2029 [6].



A typical lubricant consists of 70–90% base-stock components and various additives [7]. The selection of lubricants is based on their suitability to fulfill the lubrication specifications and requirements of particular applications [6]. The properties of a base oil determine the most important functions of lubricants. Additives are formulated to improve the properties of the base stocks [8]. Lubricants can be categorized by (i) physical appearance (ii) nature of the base oil and (iii) application. Figure 1 presents the classification of lubricants as established in the literature [9]. The source, manufacture, and main components of mineral, synthetic, and biobased base fluids [10,11] are summarized in Figure 1. Classification of lubricants by physical appearance, base oil resource, and application. The manufacture and main components of the mineral, synthetic and biobased base fluids [10,11] are summarized in Table 1.



Mineral oil lubricants currently dominate the market, with approximately 74% of the market share. The automotive and transportation industry consumes 57% of the lubricant volume, the majority of which are mineral and synthetic oils [10]. Lubricant suppliers are well-established with Royal Dutch Shell, Exxon Mobil, Chevron Corporation, Total, and British Petroleum being the top five [18].




1.2.2. Physicochemical Characteristics of Lubricants


Standardized methods, e.g., ASTM International, (formerly known as the American Society for Testing and Materials), ISO: International Organization for Standardization, EN: Europäische Norm (European Standards) and DIN: Deutsches Institut für Normung (German Institute for Standardization) tests are typically used to determine the properties of lubricants [19]. ASTM International remains the most popular source for evaluation methods of lubricants [18]. The physicochemical characteristics of lubricants are generally divided into categories [20] as listed in Table 2. The sought-after physical and chemical properties of biobased lubricant relate to performance [5,21,22]. The key parameters used to characterize lubricants and their relevance to performance are shown in Table 3. These physicochemical properties, along with biodegradability and renewability are essential for lubricant development and selection.





1.3. Biobased Lubricants


Mineral and synthetic oils are predominantly derived from petroleum and come with the known problems associated with fossil fuels such as lack of renewability and sustainability and contribution to climate change. They are also associated with added environmental harms due to total-loss applications and spillages which impact soil, water, and the atmosphere [23,24]. However, depending on the biodegradability of renewably sourced lubricants, these are not unique to fossil fuel-derived lubricants. This problem is particularly acute as it is estimated that about half of the total production of lubricants worldwide accumulates in the environment [25]. Consequently, the development of non-toxic, renewable, and biodegradable alternatives to petroleum-based lubricants, loosely termed “biobased lubricants” has become a high priority. The demand for biolubricants is encouraged by growing environmental awareness, the adoption of stringent government regulations governing petroleum-based lubricants, tougher requirements for renewability, and increasing consumer acceptance [6]. Current research in this area is aimed at extending the limits of renewable organic lubricants in terms of chemical and physical properties, particularly those directly relevant to lubrication [26].



To be considered environmentally friendly, lubricants require strict criteria, particularly regarding biodegradability, renewability, and toxicity. The term ‘biobased lubricant’ applies to all lubricants which are both rapidly biodegradable and non-toxic to humans and aquatic environments. Biobased lubricants are gaining commercial attention encouraged by continued advances in performance and economics. However, the use of biobased lubricants is still limited compared to mineral oil-based lubricants. The global biobased lubricants market is projected to grow from USD 3.1 billion in 2022 to USD 4.3 billion by 2029 [16]. Most commercial biobased lubricant base oils are esters—either mixtures of natural esters or synthetic esters derived from fatty acids or a mixture of both [5,27]. Biobased lubricants are developed and marketed by several major oil companies including British Petroleum, Chevron, Exxon Mobil, and Gulf, and are used in a wide variety of applications [28]. The transition to environmentally acceptable materials from renewable resources requires the involvement of several players in the value chain including milling, derivatization, and transformation facilities, the manufacturing industry, regulators, and end users.



A wide range of properties for biobased lubricants is essential for their potential substitution in many applications.




1.4. Advantages and Disadvantages of Biobased Lubricants


Mineral oils are sourced from fossil fuel and hence come with inherent problems including low biodegradation rates, a high potential for bioaccumulation, and significant toxicity. The disposal of mineral oils can pollute aquatic and terrestrial ecosystems. The trace metals emitted by internal combustion engines such as phosphorous, zinc, calcium, magnesium, and iron are derived mainly from the combustion of the lubrication oil [29]. In contrast, the lubricants derived from oleochemicals generally degrade faster, have a smaller residual footprint, do not bioaccumulate appreciably, and have lower toxicities. They also have lubrication advantages over mineral oil such as low volatility, better lubricity, winder viscosity ranges and higher viscosity index, flash point, and higher solubilizing capacity for additives [30,31]. On the contrary, biobased lubricant molecules also have inherent weaknesses, including susceptibility to chemical reactions, particularly in ester and alkene groups, crystallize at sub-zero temperatures, have susceptibility to thermo-oxidative degradation particularly at temperatures > 250 °C, and are more expensive compared to mineral oil [32]. A list of the environmental, performance, properties, and economic advantages and disadvantages of VOs and VO-based lubricants [14,31,33,34,35,36,37,38] is provided in Table 4.



To achieve optimal performance and even perform better than conventional lubricants in various lubrication applications, chemical modification of the feedstock and base oils is required to overcome their inherent limitations such as poor or inadequate flow characteristics and poor thermal and oxidative stabilities. The performance is typically adjusted through formulation with additive packages.




1.5. Main Molecular Structures That Contribute to Lubricant Properties


The common structures of current VO-based lubricants are wax ester mimics, linear long aliphatic chains, polar functional groups, and double bonds [21]. The constituent structures and their arrangement in the molecule dictate the lubricant’s physicochemical properties. The most important structural elements affecting the properties of VO-based lubricants are [39]:




	
Molecular mass and carbon chain length.



	
Level of unsaturation refers to the number of unsaturation sites (cis C=C double bonds) in the molecule.



	
Degree of branching refers to the number of pendent structures attached at the unsaturation sites of the molecule’s backbone.



	
The presence of functional groups such as ester linkages, carboxyl groups, and hydroxyl groups.








The common structural design elements affecting the properties of VO-based lubricants include:




	
Molecular symmetry.



	
Isomerism.



	
Odd–even effect.








The molecular symmetry can be expressed with the rotational symmetry number defined as the number of identical images that can be produced by rotation of the molecule within 360° in any direction.



Isomers are compounds that have the same molecular formula but different molecular structures. There are two general classes of isomers: (i) structural isomers and (ii) stereoisomers. The atoms of structural isomers are connected differently and differ in their bonding sequence. The number of structural isomers increases as a function of carbon numbers. Stereoisomers are isomers whose atoms are bonded together in the same sequence but differ from each other in their orientation in space [40].



The even and odd fatty chains present subtle differences in packing arrangement. The angle between the terminal carbon-carbon bonds is 180° for the even carbon chains and 109° for the odd carbon chains which results in optimal intermolecular contacts at both ends for the even fatty chain and at only one end for the odd fatty chains.



Table 5 provides a summary of the overall effect and contribution of the structural elements to key biobased lubricants properties. The contribution is classified as advantageous or disadvantageous depending on desired property outcome [6,21]. Table 5 shows that a given structure may provide conflicting advantageous and disadvantageous contributions. These are typically reconciled depending on the delivered desired property outcome.



Information regarding the molecular structure and resulting physicochemical properties is key in lubricant formulation. The building blocks of potentially high-performance biobased lubricants and their arrangement in specific molecular architectures are designed through precise modification techniques. The fundamental knowledge of all these aspects is important to designing functional biobased oils and lubricants.




1.6. The Thermodynamics of Phase Change: Gibbs Free Energy as a Guide to Interrogate Structural Contributions to Phase Change


The expression for the change in Gibbs free energy at the solid–liquid transition (  Δ  G m   ; Equation (1)) can be used as a theoretical construct to interrogate the influence of various structural elements on phase behavior. Phase behavior has a profound impact on lubricating functionality. Lubricants which undergo a glass transition or a phase transition in a temperature range over which the lubricant is expected to perform are not suitable. When the transition temperature (melting point    T m   ) is reached, the solid and liquid phases exist in thermal equilibrium, the Gibb free energy of the solid and liquid phases become equal and the following equation can be written for   Δ  G m    [47]:


  Δ  G m  = Δ  H f  −  T m  Δ  S m   



(1)




  Δ  H m    and   Δ  S m    are the enthalpy and entropy of melting, respectively.   Δ  H m    is primarily related to the magnitude of the attractive intermolecular forces.   Δ  S m    is the change in molecular disorder and depends on molecular configuration [43].



The rearrangement of Equation (1) provides an expression for the entropy of transition in terms of the enthalpy and solid–liquid phase transition temperature:


  Δ  S m  =   Δ  H m     T m     



(2)







Equation (2) provides a pathway to link the solid–liquid phase transition to the molecular structure via   Δ  H m    and   Δ  S m    [48].    T m    is determined by the ratio of factors linked to the overall intermolecular interactions to factors linked to the size, geometry, and relative position of the structural elements in the molecule.



The change in a system’s enthalpy over a phase transition at constant temperature under constant pressure (P) is given by the increase in the internal energy and work of expansion which is relatively small. Enthalpy forces are equal to the sum of all the pairwise intermolecular attractions of the atoms and groups that comprise the molecule.



  Δ  S m    is largely dependent upon molecular geometry and can be evaluated from the molecular disorder introduced by molecular flexibility and spatial configuration. Entropy relates to the microstates which describe the number of different possible arrangements of molecular position and therefore measures the degree of randomness in a system. The Boltzmann equation (Equation (3)) gives the entropy as a function of the number of the different microstates available for a system in each configuration:


  S =  k B  ln Ω  



(3)




 Ω  is the number of microstates compatible with the macroscopic parameters at a particular thermodynamic state and    k B    is the Boltzmann constant (1.38 × 10−23 J/K).



Enthalpy is an additive constitutive property and is determined by the intermolecular attractions that hold the molecules in their crystal lattices, whereas entropy favors the breakup of the crystal lattice. The contributions of the different structures of a lubricant molecule to the enthalpy and entropy of the solid–liquid transformation are interlinked in a complex manner. In the presence of polar groups or cyclic structures which can control the flexibility of nearby fatty chains, the molecules may achieve an optimal packing and high crystal order which contributes to high melting temperature despite geometry constraints [6,49]. In other ester molecules, including those with pendant groups, the structural factors that increase the entropy generally contribute to lower the enthalpy, which decreases    T m   . As a first approach to understanding the complex melting process, the enthalpy is normally taken as the primary determinant of the melting point as discussed in Yalkowsky et al. [50,51].





2. Vegetable Oil as an Alternative Feedstock for Biobased Lubricants


Like for fuel, chemicals, phase change material, and other biomaterials, VOs are sought-after feedstocks for the manufacture of lubricants [52]. VOs are typically biodegradable, non-toxic, and renewable. Most VOs are naturally composed of 88–96% triacylglycerols (TAGs) with some minor amounts of diacylglycerols (DAGs, usually <5%). monoacylglycerols (MAGs, <0.2%) and free fatty acids (FAs, <0.1%). Other minor components are tocopherols and tocotrienols and phytosterols (<0.1%) [50,53]. The oil from jojoba seeds is a molecularly unique vegetable oil that is comprised predominantly of long-chain unsaturated monoesters with total chain lengths between 40 and 42 carbons [54,55]. Compared to TAG oils, jojoba oil, and natural wax esters have better lubricant properties and possess an exceptionally higher thermal stability and viscosity index [56,57] but are not used in large-scale commercialization because of cost and availability [58].



VOs which are extracted from edible crops, such as coconut, corn, cottonseed, palm, canola, soybean, olive, peanut, safflower, sesame, and sunflower are currently the most researched feedstock to produce VO-based lubricants [16,59,60]. Wax esters analogs such as jojoba-like esters (JLEs) have been produced from commonly available and economical oleochemical feedstocks, such as oleic acid and erucic acid, and fatty alcohols using chemical or biotechnological means [42,58,61,62,63,64,65,66,67,68,69]. Environmentally acceptable strategies such as those based on lipases have shown potential at the laboratory scale for bulk production of wax esters [67,70,71]. These technologies are increasingly commercialized for the manufacture of pharmaceuticals and cosmetic ingredients [68]. Further work is needed in enzyme and reaction engineering to achieve efficient and cost-effective manufacturing of VO-based lubricants [66]. At present, because enzymatic technology is generally not economically feasible at the industrial scale, the mass production of wax esters relies on expensive and environmentally harmful processes such as those using chemically synthesized fatty alcohols [66,72].



Pure VOs comprise a relatively small fraction of the biobased lubricant market. A well-performing VO-based lubricant would ideally be produced by exploiting inherent attributes and potential synergies of the VO structures (fatty acids, unsaturation sites, ester functional groups) with the incorporation of select polar functional groups through chemical modification [71,73,74,75,76,77]. However, developing performing VO-based lubricants is not trivial, as the aforementioned structural elements often present conflicting contributions, and the known synergies are complex. This makes the design of biobased lubricant systems that use vegetable oil-derived esters more complex than hydrocarbon biobased lubricants.



2.1. TAG Structural Features


TAGs in their unmodified state have advantages and disadvantages for use in lubricant formulations. Their structures such as the ester group, fatty acids, and double bonds, however, allow for versatile chemical transformations which result in a very wide range of properties that meet lubricants requirements.



2.1.1. TAG Structural Features


A TAG is a type of lipid molecule composed of three fatty acids esterified to a glycerol molecule. Each fatty acid can be the same or different and the length and degree of unsaturation of the fatty acid chain can vary. Scheme 1 presents the structural features in the TAG molecule, namely: (i) linear saturated and unsaturated fatty chains, (ii) cis/trans alkene functional group, (iii) ester functional group, and (iv) β-hydrogen.



Fatty Chain


There are over 1000 known fatty acids with different chain lengths, configurations, and levels of unsaturation of which only about 20 widely occur in nature [21]. Fatty acids in TAG oils typically range from 8 to 24 carbon atoms and comprise 0 to 7 carbon-carbon double bonds, depending on the plant type and growth conditions [78]. The most common naturally occurring saturated fatty acids are capric, lauric, myristic, palmitic, and stearic acids, whereas the common unsaturated fatty acids are oleic, linoleic, linolenic acid, and arachidonic acids [79].



Linear saturated fatty chains (Scheme 1) are composed of sp3 hybridized C−C single bonds with tetrahedral molecular geometry and a bond angle of 109.5°. Linear saturated fatty chains in lubricant molecules can contribute to higher resistance to oxidation and thermal degradation which can improve the longevity and effectiveness of the lubricant. Additionally, linear saturated chains make lubricant molecules more rigid and less susceptible to shearing force which helps maintain the stability of the lubricating film.




Unsaturation Site


The C=C double bonds in unsaturated fatty chains are sp2 hybridized with trigonal planar and bond angle of 120°. The C=C double bond is connected by a strong σ-bond and a weaker π-bond. The π-bond is responsible for the characteristic chemical reactivity of the C=C bond such as the ability to undergo functionalized/derivatized and thermo-oxidative degradation [80]. Additionally, the C=C double bonds can exist in a cis or trans isomeric configuration in the fatty chain (Scheme 1). The cis configuration is kinked and allows the molecules to adopt a bent shape to give fluid structure whereas the trans configuration gives a more linear and rigid chain.




Ester Functional Group


Each fatty acid is attached to the TAG glycerol backbone via an ester linkage (Scheme 2). The ester group is composed of a carbonyl (C=O) group and an alkoxy (C–O–C) group attached to the carbonyl carbon. The ester group is flat trigonal planar with a bond angle of 120° because of the carbonyl carbon sp2 hybridized orbitals. The ester group alkoxy moiety has a low rotational energy barrier which makes the bond easily rotatable thus providing increased flexibility to the molecule [67,81]. Additionally, ester groups have low polarity and cannot form strong intermolecular hydrogen bonding interactions due to the absence of positively charged hydrogen dipoles which means that TAG-TAG interactions are mostly through van der Waals forces [43].




β-Hydrogen


C=C double bonds and β-hydrogens are undesirable in lubricants because of poor thermo-oxidative stability [82]. TAGs can be thermally degraded at elevated temperatures via the β-hydrogen elimination mechanism (Scheme 2) [83,84]. β-hydrogen elimination occurs at lower temperatures (~250–380 °C) and is detrimental to the TAG [82]. The β-hydrogen is acidic and cleaves as a hydrogen ion. The acidity of β-hydrogen (pKa~10) is relatively lower compared to hydrogens on the ester group (pKa~20) of linear esters and those attached to the fatty chains (pKa~50) [85]. The β-hydrogen is particularly undesirable because it degrades the TAG molecule when abstracted.



Among the oleochemical reactions of significance to manufacture lubricant base fluids from TAGs and their derivatives, the modifications of the carboxyl group of the fatty acids are preferred and account for about 90% of the oleochemical reactions [34]. The reactions across the C=C double bond, such as hydrogenation, epoxidation, metathesis, and ozonolysis, only account for less than 10% [86].






2.2. Synthetic Pathways to Modify TAG


The full potential of VO-based lubricants can be achieved by various chemical modification techniques. Chemical modification has the potential to enhance the desirable properties and mitigate the unwanted properties over a wide range of temperatures. The modification of a TAG molecule involves different processes, loosely classified as functionalization and derivatization.



2.2.1. TAG Functionalization


Functionalization refers to the process of introducing new functional groups directly onto a TAG molecule without changing its original molecular structure. Functional groups are predominantly attached via the C=C double bond in the TAG molecule (Scheme 3). Synthetic pathways used to introduce new functional groups at the C=C double bond on a TAG include (i) hydrogenation, (ii) hydroformylation, (iii) thioetherification, (iv) sulfide oxidation, (v) epoxidation followed by ring opening with (vi) water, (vii) carboxylic acid, (viii) thiol, (ix) CO2, (x) amine and (xi) alcohol nucleophiles (Scheme 3).



Hydrogenation


Hydrogenation of TAGs is a chemical process that involves the addition of hydrogen to unsaturated sites of fatty chains to obtain fully saturated TAGs (See Scheme 3i). Hydrogenation is conducted at high-pressure and -temperature conditions using a metal catalyst. Typically, the reaction is carried out at temperatures between 250 and 300 °C and pressure between 25 and 35 MPa. Commonly used catalysts for hydrogenation are Raney nickel (Ni) or palladium (Pd) [87]. Partial hydrogenation can also be conducted to obtain partially saturated TAGs. The degree of hydrogenation can be controlled by restricting the amount of hydrogen, reaction temperature, time, and catalyst [88].




Hydroformylation


Hydroformylation consists of adding a formyl group over a C=C double bond in TAG and unsaturated fatty acids (Scheme 3ii). Hydroformylation is carried out by the reaction of C=C double bonds with carbon monoxide and hydrogen gas (CO/H2) using a cobalt carbonyl complex catalyst under high temperature (150–200 °C) and pressure (5–30 MPa) [89,90].




Thioetherification/Oxidation


Thioetherification can be used to introduce sulfide groups across a C=C double bond at unsaturated sites on TAGs and fatty acids (Scheme 3iii) [91,92,93,94,95,96,97]. It proceeds through free-radical additions and catalyzed Michael additions mechanisms. Sulfide functional group can be oxidized to sulfonyl functional through the oxidation with H2O2 and CH3COOH (Scheme 3iv).




Prilezhaev Epoxidation


Prilezhaev epoxidation is the common method used for selective functionalization of C=C double bond in TAG and unsaturated fatty acid to produce an epoxide functional group (Scheme 3v) via the addition of an electrophilic reagent [89]. Typically, Prilezhaev epoxidation is performed using organic peroxy acids which are formed in-situ by reaction with carboxylic acid (CH3COOH or HCOOH) and hydrogen peroxide (H2O2) in the presence of a strong mineral acid catalyst (HCl, H2SO4, HNO3) [86]. The optimization of epoxide formation can be achieved by tuning reactant mole time, ratio, temperature, solvent, catalyst (mineral acid and ion exchange resins), stirring speed, type of peroxy acid (peracetic, performic, m-chloroperbenzoic acid), rate of addition of H2O2/acetic acid and contacting patterns (batch/semi-batch mode/azeotropic distillation) [98,99].




Epoxide Ring Opening with Different Nucleophiles


The epoxide ring-opening reaction involves the cleavage of an epoxide ring by a nucleophilic attack at one of the ring carbons. The reaction is typically carried out under acid conditions in the presence of a nucleophile, such as carboxylic acid, alcohol, water, amine, and thiol. The ring-opening of epoxide with common nucleophiles, namely carboxylic acid, alcohol, thiol water, and amine will introduce an ester (Scheme 3vii), ether (Scheme 3xi), sulfide (Scheme 3viii), hydroxyl (Scheme 3vi), and amine (Scheme 3x) pendant groups across the C=C bond, respectively, along with a free hydroxyl group [86,93,100]. Additionally, a comprehensive review of many other epoxide ring-opening pathways, namely acylation, acetylation, hydrolysis, alkoxylation, aminolysis, hydrohalogenation, ketalization organophosphonation, and thioetherification has been conducted [94].




Carbonation


Carbonation of fatty epoxides with carbon dioxide (CO2), also referred to as carboxylation, produces ring-expanded cyclic carbonates (1,3-dioxolanes). Carbonation involves the coupling of CO2 to an epoxide ring to form a cyclic carbonate (Scheme 3ix). The coupling reaction of epoxide with CO2 is extensively studied and various homogeneous and heterogeneous catalysts have been reported for this reaction. Carbonation reactions are commonly carried out using CO2 at atmospheric pressure and tetra-n-butyl ammonium bromide ([Bu4N]Br]) as a catalyst [90]. Sodium iodide with 15-crown-5 and potassium iodide with 18-crown-6 are proven to be effective catalysts. Fatty cyclic carbonates can also be further ring open with different nucleophiles to produce lubricants [101].





2.2.2. TAG Derivatization


Derivatization refers to the process of chemically modifying the TAG molecule to create new molecules that can be used as building blocks for the synthesis of new lubricants. As with TAG functionalization (see Section 2.2.1), the alkene C=C double bond is reactive due to the presence of reactive C-C π-bonds and can undergo addition reactions and oxidative cleavage reactions. Moreover, ester groups are prone to nucleophilic substitution reactions with a variety of nucleophiles at the electrophilic carbon because its alkoxy group is a good leaving group. TAGs can be derivatized at the ester functional groups and C=C double bonds to make new molecular structures to expand the physical property ranges. Scheme 4 presents the common derivatization pathways.



Hydrolysis and transesterification are synthetic pathways used to derivatize TAGs via the ester functional groups to obtain saturated (compound a in Scheme 4) and unsaturated (compound b in Scheme 4) fatty acids and fatty acid methyl esters (FAMEs), respectively. Fatty acid can be reduced to (compound e) fatty alcohols via fatty acid reduction and can also be converted to (compound f) fatty amine via nitrile reaction. Unsaturated fatty acids can be epoxidized to obtain fatty acid epoxide (compound g). The C=C double bonds are cleaved via ozonolysis to produce mono and dicarboxylic acids (compound i and j). Unsaturated dicarboxylic acids (compound h) can also be obtained via self-metathesis. Dicarboxylic acids and be reduced to dialcohols (compound l).



Hydrolysis


Fatty acids which are readily produced by hydrolysis of TAG are feedstocks of choice for a variety of synthetic biobased lubricant products as shown in Scheme 4b [86,97,98,99]. The three ester linkages in TAG molecules can be hydrolyzed either using an acid (e.g., HCl, H2SO4), base (e.g., NaOH), or enzymatic catalyst (e.g., lipases) to produce linear saturated and unsaturated fatty acids and glycerol byproduct [86,100].




Fatty Acid Reduction


The reduction of a fatty acid alkyl ester to a fatty alcohol with sodium borohydride (NaBH4) is a common chemical reaction used in the synthesis of fatty alcohols on a laboratory scale (Scheme 4e,e′,k) and dialcohols (Scheme 4l) [102]. Commercially, fatty acids and fatty acid methyl esters are reduced to fatty alcohols using supported metal catalysts such as Cu–Cr-based catalysts, ZnO, Al2O3, Cr2O3, and Fe2O under high temperature (250–350 °C) and pressure (10–35 MPa) reaction conditions [103,104]. This process is used at a commercial scale for the reduction of oleic acid (cis-9-octadecenoic acid) and methyl oleate (methyl-9-octadecenoate) to obtain oleyl alcohol (9-octadecen-1-ol) [103].




Nitrile Reaction


The conversion of fatty acid to fatty amine using a nitrile reaction involves the reaction of fatty acid with ammonia at a high temperature followed by dehydration and hydrogenation (Scheme 4f) [105]. The preparation of fatty amines occurs in two steps. First, fatty acid is treated with ammonia in the presence of a dehydration catalyst to form fatty nitriles. The nitriles are hydrogenated into fatty amines by a metal catalyst (Ni or Pd) in the second step [106].




Ozonolysis


Ozonolysis is a commonly used method to produce short-chain carboxylic acids (Scheme 4i) and dicarboxylic acids (Scheme 4j) from unsaturated fatty acids. Different chain lengths of linear dicarboxylic acids can be obtained depending on the unsaturated fatty acid starting material. For instance, 1,3 dicarboxylic acid, 1,4 dicarboxylic acid, 1,5 dicarboxylic acid, and 1,9 dicarboxylic acid be obtained through ozonolysis of linoleic/linolenic acid, docosahexaenoic acid, arachidonic acid, and oleic acid [90].




Metathesis


In metathesis, the double bonds between carbon atoms in unsaturated fatty acids are ruptured and new double bonds are formed with the formation of new products. There are different types of olefin metathesis such as self-metathesis, cross-metathesis, ring-closing metathesis, and ring-opening metathesis. In self-metathesis, the same olefins are involved, and produced oleo compounds have been used as precursors to synthesize lubricants (Scheme 4h). Different transition metal-based (e.g., Mo, W, Re, Pt, Pd, Rh, Ru, and Ir) homogeneous and heterogeneous catalysts have been employed in metathesis reactions. Grubbs first generation, second-generation, and third-generation Ru-based catalysts showed higher reactivity, higher selectivity, and greater production [90].




Esterification/Transesterification


Esterification is a condensation reaction between a fatty acid and alcohol to produce ester and water. The transesterification reaction of a TAG involves the glycerol moiety being replaced by another alcohol. Generally, esterification and transesterification reactions are catalyzed using mineral oils (HCl, H2SO4, or p-toluensulfonic acid), base (NaOH, KOH) [107] and heterogenous solid catalyst (Amberlyst-15, Nafion, sulfated inorganic oxides, alkaline earth oxides (CaO, MgO) and inorganic superacids (WO3/ZrO2, WO3/ZrO2-Al2O3) [102]. The physicochemical properties of synthetic esters are directly related to the type of acids or alcohols used in the esterification/transesterification reactions.




Estolide Formation


Estolides are branched esters that are formed when the carboxylic acid group of one fatty acid links to the site of unsaturation of another fatty acid (via carbocation) to form oligomeric esters using an acid catalyst (H2SO4) and an oxidant (HClO4). This carbocation can be subject to nucleophilic attacks by other fatty acids to form an estolide [108].







3. VO-Based Ester Lubricants from TAG Derivatives


Because of the structural weaknesses of TAGs (mentioned in Section 2.1.1), pure vegetable oils are only used in applications with low thermal stress such as total-loss applications [109]. Although VOs can be directly modified using synthetic pathways, they are mostly derivatized into their chemical components as shown in Scheme 4. TAG derivatization pathways to obtain common derivatives to be used as building blocks for VO-based lubricants. Scheme 4. The general approach is to alter the starting molecule to create new molecules with desired lubricant properties [25,90,103,105].



VO-based lubricants may include different functional groups on the fatty chain such as acids, alcohols, esters, amines, ethers, carbonates, sulfones, sulfides, and amides. C=C double bonds and fatty acid carboxylic groups are chemically modified to obtain different functional groups on the fatty chain such as alcohols, esters, amides, amines, and halides [21,108,109,110].



C=C double bonds present in linear unsaturated fatty chains can be chemically modified to introduce pendant groups of varying chain lengths and create branched fatty acid structures. Branch groups can be introduced at a C=C bond via synthetic routes such as epoxidation/ring-opening [4,25,34,78], etherification [109], acylation [111], and thioetherification. Thioetherification of a fatty halide with a fatty thiol produces a fatty sulfide which can then be further oxidized with hydrogen peroxide to fatty sulfones [110,112].



Multiple synthetic pathways are used to prepare functional lubricants from TAG derivatives. For instance, a variety of linear saturated and unsaturated monoesters and diesters with 0–3 C=C double bonds (Scheme 5) have been prepared by esterification of TAG derivatives shown in Scheme 4. In Scheme 6, unsaturated esters produced were branched via epoxidation/ring opening with different alkonic acids. In Scheme 7, sulfide, sulfonyl esters were obtained via thioetherification and oxidation, respectively. Moreover, estolides which have fatty ester branches were also possible through a condensation reaction.



Ester biobased lubricants are typically categorized into monoesters, dibasic diesters, diol diesters, and polyol esters. More complex esters such as oligoesters and functionalized TAGs have been extensively studied as lubricant base fluids [108,111,113,114,115,116,117,118,119].



Dibasic esters are prepared by the esterification reaction of linear dicarboxylic acids with linear fatty alcohols. Diol diesters are prepared by esterification of linear dialcohols with linear fatty acids. Dibasic and diol diesters were compared to demonstrate the effect of ester group directionality on physical properties.



Broadly, derivatized VO esters in Scheme 5 and Scheme 6 are classified into two categories: linear esters mimetics of synthetic oils and branched esters mimetics of polyalphaolefin (PAO), respectively [120]. Polyesters such as estolides have been extensively studied as lubricant base fluids. These lubricants have common structural elements that are associated with improved lubricating properties such as linear fatty chain segments, polar functional groups, low unsaturation, and branched chains [108].



Salient Properties of Current Commercial Ester-Based Lubricants


Commercial ester base fluids offer a wide range of physical properties suitable for different applications including automotive and marine engine oils, compressor oils, hydraulic fluids, and gear oils. They are used when the additional cost over mineral oils is justified [121]. The biodegradability of commercial ester-based lubricants varies from very high, such as for linear molecules particularly those derived from unmodified natural fatty acids, to very low, particularly for esters of aromatic and 2-alkyl substituted acids, or branched chains [122]. Select property ranges of different categories of commercial ester-based lubricant base oils as reported in the literature [2,6,47,123,124] and by a global supplier of synthetic ester oils in their website [42] are compiled in Table 6.





4. Role of Structure in the Rheological Behavior of VO-Based Lubricants


Viscosity and flow characteristics are important factors in the design of lubricants. They strongly depend on temperature, pressure, and lubricant film thickness [125]. Because it affects heat generation during internal friction and governs the rate of oil consumption, viscosity is decided as a trade-off between lubrication performance and fuel economy [6]. Flow type is considered in the choice of lubricants to optimize fluid properties for specific applications. For example, Newtonian flow is required in applications where variations in viscosity cannot be tolerated, shear thinning is desirable in materials that are required to flow only during processing or use, and shear thickening is advantageous in applications in which absorption and dissipation of energy upon impact are necessary to enable oil performance under low shear [5]. This information is often overlooked for biobased lubricants.



4.1. Analysis of Structure-Flow Type Relationships in VO-Based Lubricants


The flow behavior of fluids is characterized by the shear stress ( τ )—shear rate (  γ ˙  ) relationship. It is usually expressed by Herschel–Bulkley model (Equation (4)).


  τ =  τ 0  + K   γ ˙    P i     



(4)




where    τ 0    is the yield stress below which there is no flow,  K  the consistency index, and    p i    the power index.    p i    depends on the constitutive properties of the material. For Newtonian fluids    p i    is equal to 1. The flow is shear thickening when    p i  > 1   and shear thinning when    p i  < 1  . In the absence of yield stress, the Herschel–Bulkley model transforms into the Power Law model [6,34].



4.1.1. Effect of Molecular Mass on Flow Type


The available data relating molecular mass to flow type of VO-based lubricants does not easily lend itself to modeling because of the complexity that molecular architecture introduces. The roles of structural features such as degree of oligomerization and branching are not easily separated from the effect of mass. Furthermore, even if distinctions were possible, they rapidly disappear with increasing temperature. The configuration of the different constituent structures in the molecular architecture appears to be the most important factor determining the rheological behavior of complex compounds as shown in dendritic polymers [126]. Flow type is ultimately dictated by complex short-range structuring in the melt involving intermolecular interactions as well as intramolecular forces and entropic considerations such as those from bulkiness, flexibility, and rotatability. For example, the formation of transient clusters by hydrodynamic interactions via hydrogen bonds, known as hydroclusters in colloid suspensions, is suggested to explain the promotion of shear thickening in biobased lubricants. The phenomenon is caused by complex short-range structuring in the melt involving contributions of mass, hydrogen bonding, chain flexibility, group rotations, and steric effects [124,127]. The effect of mass on the flow type of VO-based lubricants is best revealed in correlation with the effect of oligomerization and branching.




4.1.2. Effect of Branching on Flow Type


The effect of branching on the flow type of VO-based lubricants is associated with the bulky configuration of the pendant groups, their number, and the number of OH groups present. The information gathered from the shear rate–shear stress data of dimers to octamers of triolein provides an insight into the behavior [128]. Figure 2a shows the    p i  ( T )   curves of these TAG oligomers and Figure 2b its variation with the number of monomers at 10 °C.



Figure 2a indicates a flow that progresses from shear thinning at low temperatures to slightly shear thickening for the smaller oligomers at high temperatures. Although variations are observed, one can fit    p i  ( T )   in the provided temperature range to an exponential rise to maximum functions (Equation (5), R2 > 0.9899; 0.82 ≤    p  i 0     ≤ 0.95; 0.06 ≤  a  ≤ 0.19).


   p i  ( T ) =  p i    0  + a ( 1 −  e  −  T /   T 0      )  



(5)




where    p  i 0   + a   is the plateau value, and    T 0    the characteristic temperature or temperature constant of the function.



Overall, as illustrated in Figure 2b with data collected at 10 °C, the oligomers with five or more monomers (larger mass) present a measurably more pronounced shear-thinning character than the lower order oligomers (smaller mass). This difference is significant at low temperatures, diminishes then disappears as the temperature increases.



Monoesters are examples of rheologically complex fluids that are dramatically affected by branching. Monoesters that possess strong shear-thickening character such as those with terminal double bonds become Newtonian at all temperatures when branched, regardless of the number or position of the branches [129]. Shear thickening, a less widely observed behavior than shear thinning, is thought to be caused by changes in the particle arrangements under shear [5]. This suggests that branching limits the entropic effects that induce structuring which helps the establishment of shear-thickening flow.



Unbranched dibasic and diol-derived diesters are Newtonian at all temperatures with no distinct flow characteristics that could be directly attributed to any structural feature such as end group type, asymmetry, saturation, double bond position, or ester group position [130,131,132,133]. Compared to monoesters, the second ester of diesters introduces sufficient extra flexibility to establish a Newtonian flow. Diesters become shear thinning at low temperatures when branched. This may be explained by the rigidity introduced by pendant groups.



The effect of branching and oligomerization on the flow behavior is similar in many aspects. The study by Li et al. [128] and Raghunanan et al. [134] of branched esters shows the power index versus temperature follows the exponential rise to a maximum function (Equation (5)), R2 > 0.9879, Figure 3a shows    p i  ( T )   of (E)-Didec-9-enyl Octadec-9-enedioate (H0) and its 3 to 6 branched derivatives. The derivatives with 3, 4, 5, and 6 pendant chains, labeled H3, H4, H5, and H6, comprise 3, 2, 1, and 0 OH groups, respectively [129]. The fit of the data to Equation (5) was very good (R2 > 0.9879). Newtonian flow was achieved at different temperatures (between 50 °C and 70 °C) depending on the number of branches/OH groups. At any given temperature, the shear-thinning character decreases with an increasing number of pendant groups (or decreasing number of OH groups). This relationship is captured in Figure 3b with the linear increase of the characteristic temperature (   T 0   ) with the number of OH groups. This linear correlation indicates the compounding nature of the contribution of the hydrogen bonds to the structuring of liquid diesters.



The flow behavior of oligomers and branched diesters contrasts with that of branched monoesters which despite the added mass from bulky pendent chains remain Newtonian, suggesting that molecular mass must be large enough to counterbalance any entropic effect which might prevent the formation of transient clusters. As discussed above, although hydrogen bonding is prevalent, the presence of a second ester group is necessary for branching to induce shear thinning.




4.1.3. Role of the Ester Groups in Flow Type


As shown for linear aliphatic diesters studied by Bouzidi and Raghunanan [72,133], the presence of a second ester group promotes Newtonian flow with no yield stress regardless of other structural features such as double bond position (internal or terminal) or end group effects. The presence of the second ester group introduces an extra bulky moiety and two sites at which the fatty segments can rotate resulting in a large enough entropy to facilitate the rapid breakup of any formed transient clusters or completely prevent their formation.




4.1.4. Role of the Double Bonds in Flow Type


Double bonds in VO-based lubricants influence the flow type in a complex manner. The flow behavior of JLEs with internal double bonds differs from those with terminal double bonds [135]. The general structures of monoesters with internal and terminal double bonds are provided in Scheme 8.



Linear aliphatic monoesters with internal double bonds demonstrated a Newtonian flow with no yield stress and those with at least one terminal double bond demonstrated a flow that is Newtonian at low temperature and increasingly shear thickening as the temperature increases (power index    p i    varied from 1.01 to 1.32) similar to what is observed in concentrated dispersions and so-called structured fluids [133]. The behavior can be explained by the formation of clusters of nearly touching particles that grow as the suspension thickens under shear [136]. The fact that the compounds with terminal double bonds present shear thickening and those with internal double bonds are Newtonian suggests that the internal double bonds prevent the formation of transient clusters whereas the linear geometry of the terminal double bonds may promote them under shear via end group   π − π   interactions with other electron dense C=C end groups [73].




4.1.5. Effect of Isomerism on Flow Type


The study of monoester isomers reveals significant differences in the contribution of fatty acids and fatty alcohols to the flow type [73,137]. As illustrated with in Figure 4, showing the shear rate-share stress curves of dec-9-en-1-yl oleate (I in Figure 4), (Z)-octadec-9-en-1-yl dec-9-enoate, (II in Figure 4) and diesters hexane-1,6-diyl bis(dec-9-enoate) (III in Figure 4), for any given total length, the power index of the monoester with the shorter fatty alcohol is smaller than the monoester with the longer fatty alcohol [73,134]. This is explained by entropic effects due to the difference in the directional flexible rotation about the alkoxy C−O−C bond of the ester group (arrows on the schemes in compounds I and II in Figure 4). The isomer with shorter alcohol rotates more readily compared to isomer with longer alcohol and thus, presents a higher entropy which helps reduce the formation of transient clusters. The Newtonian flow of the symmetrical molecule of the same chain length (compound III in Figure 4) confirms that the effect is due to the imbalance in rotation about the center which prevents transient clusters from forming [134].





4.2. Analysis of Structure-Viscosity Relationships in VO-Based Lubricants


Viscosity is an important parameter as it dictates the internal friction within a liquid lubricant. During liquid lubricating operations, the base oil viscosity influences the ability to form a lubricating film which is most critical for the control of friction and therefore protection of surfaces from wear and degradation. The viscosity of VO-based lubricants decreases exponentially with temperature and is modeled similarly to other organic fluids [138]. Models based on first principles and which provide physically meaningful insights into the flow behavior in relation to the configuration of the molecules are limited. Among these, the Andrade and the van Velzen models are simple but powerful with two (2) parameters, one describing the magnitude of the viscosity and the other the mass and complexity of the molecules [133,135,136,139,140]. Generalized forms of the Andrade and van Velzen models were successfully applied to VO-based lubricants such as in Li et al. [73,133]. The results of these works show that the parameter which describes the magnitude of the viscosity and the parameter which describes the complexity of the molecules can be predictively related to structural features such as the number of branches or OH groups. Further work is needed to unambiguously establish these relationships [133,138].



4.2.1. Effect of Molecular Mass


Viscosity generally tends to increase with increasing molecular mass, which may be desirable, or not, depending on the intended application [139,141]. Figure 5a summarizes the correlations of viscosity with molecular mass for vegetable oils and a series of different linear esters. These include saturated and unsaturated monoesters [73,140,142,143], saturated and unsaturated dibasic diesters [73,144], and unsaturated diol diesters [134,145]. The viscosities of select VOs are included in the figure for comparison.



The viscosity versus molecular mass (MM) and total chain length (number of carbons n) for VO-based linear esters follow an exponential function (Equation (6)) such as typical hydrocarbons [146,147,148].


   η ( x ) =  η 0  + a  e   x /   x 0       ;   x  = M M    o r   n  



(6)







The fit of all the collected viscosity data versus molecular mass (x = MM, x0 = MM0) to an exponential function and reported in Figure 5a (Equation (6); R2 = 0.9297) yielded a 95% prediction band that encloses practically all the data points. The fact that the viscosity of all these compounds is enclosed in the prediction band is attributable to the predominance of entanglement interactions which form strong energy barriers to flow and mass transfer limitation over any other structural effect such as fatty chain type, symmetry, number, and position of double bonds and the number of functional groups [149,150]. This relatively simple relationship allows for a fair prediction of the viscosity in a large molecular mass range regardless of structural details. One can further refine the predictions for a series of datasets adequately sorted and predictive information can be extracted by structure type because the contribution of influential structures is generally not lost, particularly at low temperatures. The individuality of each series which manifest at low temperature due to structural differences is normally lost at a higher temperature where higher kinetic energy results in higher entropy and reduce internal friction and resistance to flow [151].



The viscosity of certain distinctive series such as simple unbranched monoesters and diesters can be modeled using this empirical function with a much better goodness of fit. In these cases, the total chain length in carbons (x =  n ) can be used as the variable with a characteristic number of carbons (   n 0   ), and the trend is explained by incremental increases in intermolecular attractions [152]. The approach has been used on saturated and monounsaturated fatty acids [129] as well as more complex esters such as JLEs [134,146]. An example of viscosity at 40 °C versus total chain length is presented in Figure 5b for different symmetrical and asymmetrical diesters (R2 > 0.9411). As shown in Figure 5c, the viscosity change with temperature is also captured in the fits with the characteristic number (   n 0   ). The linear trend observed for    n 0    is a corroboration of the exponential behavior of the viscosity versus temperature.



Odd–Even Effect


The physical properties of odd-numbered carbon molecules (such as linear alkanes, fatty acids, and esters) are known to differ from those of even-numbered carbon molecules because of their different molecular conformations [153]. For example, the viscosity of even-numbered-derived diesters has a lower viscosity than their odd-numbered counterparts. This is attributed to the smaller particle size of the denser syn-conformation which facilitates particle–particle interactions and resistance to flow. Raghunanan et al. study [137] is an example of the influence of odd–even effects on linear aliphatic diol-derived diesters. The study shows the viscosity of the VO-based lubricant with odd-numbered carbon molecules follows the same trends as their even-number counterparts with slightly different parameter values.





4.2.2. Effect of Unsaturation: Type, Degree, and Position of Double Bonds


The presence of double bonds in the fatty chain increases viscosity because of the contribution of the   π − π   interactions of the carbon-carbon double bonds [146,154]. Raghunanan et al. [133] showed that the unsaturated esters present consistently higher viscosities than the saturated esters. The VO-based lubricant with cis- double bonds are generally more viscous than the trans- counterparts. Example are given in Geist [155] and Zéberg-Mikkelsen [156] for cis- alkenes and their trans- alkene counterparts. Despite the expected increase in π-bond interactions, however, an increasing degree of unsaturation does not necessarily translate into higher viscosity. Rodrigues et al. [148,148] and Allen et al. [147] reported decreasing viscosity with increasing levels of unsaturation in the C18 fatty acid methyl esters of oleic, linoleic, and linolenic acids. Rodrigues [148] attributed this trend to the increasingly coiled geometries of the higher unsaturated molecules which restrict the π-bond interactions in the melt. This argument can be extended even further to include the restriction of chain entanglement and other particle–particle interactions in the melt due to the increasing rigidity of the molecules with increasing levels of cis- unsaturation.



The position of the double bonds (internal or terminal) also influences the molecule shape and hence its viscosity [2,134,157]. Bouzidi et al. [72,137] showed that unsaturated monoesters comprising internal double bonds present lower viscosity than those with terminal double bonds, and viscosity is higher when the internal double bond is on the acid moiety than in the alcohol moiety. This is likely caused by the difference introduced by the double bond to the fatty acid and fatty alcohol in intermolecular interactions via combined effects of size, conformation, and flexibility.




4.2.3. Influence of Functional Groups


Functional groups affect lubricant viscosity whether present in the backbone or pendant groups [148,155,156]. Those with permanent dipoles which can form strong dipole-dipole intermolecular attractions contribute to the rigidity and intermolecular attraction and so increase viscosity [147,148] whereas, flexible functional groups which form weak dipole-induced dipole attractions lower the viscosity [44,57,63,148,158,159,160,161,162]. Molecules with polar functional groups which are capable of forming hydrogen bonds form strong secondary intermolecular attractions which persist in the fluid state [159]. The presence of hydroxyl groups modifies the viscosity index and may contribute to improved lubricant oxidative stability by acting as scavengers for free radicals [160,163]. For instance, due mainly to polarity effects, lubricity can be enhanced with higher polarity functional groups [159]. Although polarity is beneficial for lubricity, it may cause seal-swelling and interfere with the action of polar additives by preferentially adsorbing onto metal surfaces [159,164,165,166].




4.2.4. Influence of Branch Groups and Hydroxyl Groups


The viscosity of esters is sensitive to branching because it reduces flexibility and alters the shape of VO-based lubricant molecules. The change in flexibility is shown to be the main driver in the reduction of viscosity as well as viscosity index (VI) [7,44,167]. This can be drastic as demonstrated for neopentyl diesters compared to analogous dibasic diesters where viscosity decreased by approximately 50% in the neopentyl diesters compared to dibasic diesters counterparts [5,44,144]. The preponderant effect of flexibility is further confirmed by the fact that viscosity is not significantly influenced by the branching of the rigid alcohol moiety [42].



The effect of branching and the number of hydroxyl groups on viscosity is illustrated in Figure 6a with seven series of branched monoesters and two series of branched diesters [2,3,5,33,144,145,168]. The structures of the molecules are given in panel (b) of Figure 6. The pendant chain in all the molecules is propanoic acid. The viscosity of linear esters (empty circles, ○), fitted to a line, is included in Figure 6a as a baseline for comparison.



Figure 6 indicates that the effects of OH groups and mass combine to increase the viscosity whereas branches tend to decrease it. Disregarding less important contributions of other structures, and as a first approximation, the trends of the individual contributions of branching, OH groups and mass can be decoupled and predictive. The effect of branching alone can be evaluated by comparing the fully branched molecules (0-OH line in Figure 6) with the non-branched esters. One can for example appreciate the quantifiable departure of the viscosity of the branched compounds from the line observed for the unbranched esters. Additionally, the effect on the viscosity of branching esters is much greater than adding ester groups. For example, it is one order of magnitude compared to adding a second ester group to the backbone of a monoester molecule [73,148,152].



The contribution to the viscosity of hydrogen bonds combines with the effect of mass and branching flexibility in a predictive manner consistent with the strong intermolecular attractions incrementally provided by added OH groups. The effect is illustrated in Figure 6 with the trends shown by each same backbone series. Analysis of the data shows that the viscosity ( η ) decreases exponentially with increasing molecular mass (  η = a  e      − M M  /  M M    0     , R2 > 0.9881—See fit lines passing through the H3456 (★) and A234 (●) data in Figure 6). The value of the critical mass obtained for the fits is   M  M 0    = 64 ± 5 g/mol for all the series shown in Figure 6. This value is close to the molecular mass of the propionic acid pendant chain which is 74 g/mol indicating that each branch contributes equally to the viscosity regardless of backbone size. This result also confirms the predominant effect of flexibility and the possibility to predict the effect of branching despite the overwhelming effect of the OH groups. The analysis shows that hydrogen bonds do not influence the change in flexibility introduced by the branches.



Overall, and for any given number of OH groups, the viscosity of esters increases linearly with mass. The rate of change is lowest for linear esters and increases with branching and increasing number of OH groups. The trend lines of the compounds with OH = 1 and OH = 0 (R2 > 0.9771; Figure 6) have a similar rate of change (slope  α  = 0.4 mPa.s/gmol−1) and are 58 ± 1 mPa.s apart. The viscosity of the branched esters with 2OH groups increases 2.5 times more rapidly with increasing molecular mass than those with 1 or no OH groups.



The slope of the straight line fitting the viscosity versus the mass of the series of monoesters with 2 OH ( α = 1.0 mPa.s/gmol−1; R2 = 0.9491) is the same as the slope for the series of diesters with 2 OH groups. However, the viscosity of the monoesters is higher than that of the diesters (the 2OH diesters and 2OH monoesters lines of Figure 6 are 200 mPa.s apart). This indicates that the influence of OH groups is mitigated by added structural flexibility which in this case is the presence of the second ester group which introduces an extra center of rotation which lowers the viscosity. The 2OH line of the diesters is however above the 1OH line revealing the distinctive role of polarity in the viscosity of branched esters.



Viscosity versus the number of hydrogen bonds is illustrated in Figure 7 with branched oleyl oleate. The effect of mass is evident from Figure 7 and can be predictively related to viscosity for the same number of OH groups. It is, however, much less than the hydrogen bond contribution. For each series of compounds, viscosity versus the number of hydrogen bonds indicates an exponential increase (  η = a  e    # O H  /  # O  H 0       ) with a characteristic number of OH groups (  # O  H 0   ) of 1.1 ± 0.1 for all the series. This value indicates first that the OH groups contribute equally and additively to the viscosity and second that there is no significant hindrance of the hydrogen bonds from other structural features.



Although structural traits other than the number of OH groups are at play, the above data show that viscosity is predictively related to molecular mass, number of pendant chains, number of rotation centers, and number of hydrogen bonds. These are simple linear or exponential predictive relationships.




4.2.5. Effect of Isomerism, Directionality, and Number of Ester Groups


The effect of isomerism is particularly shown in branched esters. The data confirms the primary role of hydrogen bonds and the significance of the position of the hydroxyl groups on the backbone. Typically, branched fatty esters with longer fatty acid/shorter fatty alcohol present lower viscosities than their isomers [73]. The difference in viscosity decreases with the number of branch groups. This is because the decrease in the number of OH groups which provide the largest effect promotes a relatively much smaller effect of change in flexibility due to the increase of branches. This effect is absent for unbranched monoesters.



The influence of stereoisomerism on viscosity is well documented wherein the conformer with the greater flexibility presents a higher viscosity [73]. In the case of esters, the difference in viscosity is related to the influence of directionality of rotation about the flexible C−O−C alkoxy bonds of the ester groups. For example, the viscosity of the diol-derived diesters is higher than that of the dibasic-derived diesters [134]. The effect of ester group direction is noticeable even at temperatures as high as 100 °C as reported for alkyl-branched diester isomers [134]. The study showed that the difference in viscosity between isomers is consistent (~20 mPa·s) regardless of chain length. This indicates that it is primarily driven by the difference in the number of conformations formed by the outwards and inwards rotations in the dibasic and diol-derived diesters. The number of conformational structures in diol-derived diesters is limited by the steric bulk of the ester moieties, which, due to close proximity, restricts free rotation of the fatty acid moieties at the sides of the ester groups [133]. Simply, the larger number of molecular conformations in dibasic-derived diesters translates into greater resistance to flow and thus, higher viscosity.



Similar conformation arguments may be invoked to account for the similarity in viscosity of the unsaturated monoesters and diol-derived diesters, i.e., despite the presence of a second ester group, the viscosity of the unsaturated monoester (E)-octadec-9-en-1-yl (E)-octadec-9-enoate is close to that of the diol-derived diester (butane-1,4-diyl (9E,9’E)-bis(octadec-9-enoate). Compared to diesters, which possess large steric barriers to the rotation of the fatty acid tails about the flexible C−O−C alkoxy bond, the alcohol moieties of monoesters are free to rotate about their ester alkoxy bonds. The reduced flexibility of diesters compared to monoesters likely facilitates a decrease in the resistance to flow that was of similar magnitude to the increased resistance offered by the second ester group.



The importance of the position of the OH group/branches is illustrated with the branched derivatives of octadec-9-enyl dec-9-enoate (10-18) and dec-9-enyl oleate (18-10). Both have a terminal double bond (Scheme 9) which can be branched with the OH group in a terminal position or internal position. In both cases, the viscosity of the derivative with terminal OH is higher than that of the internal OH. The difference in viscosity between the isomers is 79 mPa.s when the fatty acid is functionalized and 29 mPa.s when the alcohol is functionalized [137].






5. Role of Structure in the Thermal Transition Behavior of VO-Based Lubricants


The low-temperature performance of lubricants is usually characterized by the cloud point (CP) and pour point (PP). CP gives the first temperature at which solid crystals can be observed under cooling (ASTM D2500), and PP gives the temperature at which a liquid stop flowing (ASTM D97). The DSC onset of crystallization (   T  o n    ) and melting offset (   T  o f f    ) are related to the CP, and crystallization and melting peak temperatures (   T p   ) are related to the PP [73,129,134]. The melting parameters are more readily used because, unlike crystallization, melting does not usually depend on the rate at which the material is cooled or heated [129,133,156].



The main intermolecular forces provided by saturated and unsaturated fatty chains are dispersion forces [137,169]. Generally, saturated fatty chains help form closely packed crystals with high energy storage densities whereas the restricted rotation around double bonds and kinks associated with cis C=C double bonds cause those hydrocarbon chains to be more rigid and ‘bent’ at an angle, all detrimental to optimum crystal packing which leads to lower temperatures of crystallization/PP than straight saturated fatty chains [170,171,172]. The common flexible organic moieties in ester lubricants are the sp3 C−C bond in linear saturated fatty chains and C−O−C moieties from the ester, ether, and carbonyl groups [173,174]. The higher the degree of flexibility, the larger the entropy change upon melting. This is because a flexible molecule gains a higher degree of internal freedom when it melts as compared to a nonflexible molecule [175].



The thermal transition behavior of VO-based lubricants is discussed below in terms of the influence of the component structures on the melting enthalpy and melting entropy and hence on the observed melting points. The success with suppressing crystallization in oleochemical-derived esters is due to the combined effects of increasing the number of ester groups along the molecular backbone, total chain length, number of branched groups, and position of branched groups. Because the contributions of the different structures are generally complex and do not lend themselves to distinct trends, they are analyzed when independent relationships can be established and related to each other when possible.



5.1. Influence of Molecular Mass/Hydrocarbon Chain Length


Although the thermal transition behavior of VO-based lubricants depends strongly on molecular mass, it is generally not a good indicator of PP because of the influence of other structural parameters which hinder access to unequivocal relationships [46,176]. Generally, the thermal parameters increase with increasing mass but the relationships are only predictive in simple linear esters where there is no other major structural driver [177,178]. As shown in Figure 8 for monoesters and diesters, simple correlation analysis is not normally possible. Even in usual saturated linear chains, model indicators other than molecular mass are needed to account for the differences that are observed between different molecular architectures.



In linear esters in which the fatty chains are the main source of the intermolecular interaction, the number of carbons is an excellent indicator used to model the thermal transition properties. In this case, the increase in methylene units (CH2) adds predictable incremental van der Waals intermolecular attractions and hence provides the possibility to establish predictive relationships. The increment in temperature of melting estimated from saturated monoesters data, in the region where mass limitation effects are not overwhelming, is 1–2 °C per methylene unit added [179]. Generally, the crystallization and melting temperatures versus fatty chain length follow an exponential rise to maximum functions due to the combined effects of the incremental increase of the dispersion forces mitigated by mass and heat transfer limitations [180,181]. This trend is well documented for wax esters [51], methyl esters of jojoba oil [182], and saturated fatty acids [148,183]. The plots of melting temperature versus chain length of different esters are presented in Figure 9.



Lubricants with even or odd fatty chains tend to have different thermal transition values [177,179]. However, as shown in Figure 9 for the case of    T m   , the properties follow the same trends and can be described with the same exponential function (  T =  T 0  + a ( 1 −  e   n /   n 0      )  . In the case of the fatty acids data shown in Figure 9, the fit yielded coefficients of determination R2 > 0.9999 and a characteristic number of carbons of 10.3 for the even fatty acids and 9.6 for odd fatty acids which account for the difference between their melting points, and their narrowing as the number of carbons increases.



The molecular mass and chain length are good predictors of the thermal transition parameters. They however compete directly with the degree of unsaturation which tends to lower the pour point.




5.2. Role of Double Bonds—Effect of the Degree of Unsaturation


The degree of unsaturation significantly affects many properties including key thermal parameters such as PP. The number of double bonds, their nature (cis or trans), and their position contribute to the properties in a complex manner. The presence of double bonds in lubricant molecules is the primary cause of poor oxidation stability [177,183]. The monounsaturated VOs have better oxidative stability (OS) than polyunsaturated vegetable oils [184]. It is common to selectively hydrogenate VO-based feedstocks to convert polyunsaturated fatty acids into monounsaturated fatty acids to increase OS [109,185]. However, saturating too many double bonds results in poorer cold-temperature performance. A balance between pour point and OS requirements is usually achieved by a balance between saturated and unsaturated fatty moieties. The abundant monounsaturated oleic acid is typically preferred over polyunsaturated fatty acids because it better achieves this balance.



5.2.1. Number, Nature (Cis or Trans), and Position of the Double Bonds


The influence of the hydrocarbon chain length on the pour point of unsaturated esters is complex and depends on the number, nature (cis or trans), and position of the double bonds [45,186,187]. Generally, as shown in Figure 10 for C16, C18, C20, and C22 omega-7 fatty acids and their methyl (FAMEs) and ethyl esters (FAEEs), the melting points of the trans configuration are monotonously higher than those of the cis configuration. Figure 10 shows that a simple exponential function may be used to describe the variation with molecular mass for each series (R2 > 0.8978). Furthermore, the data indicate that the difference between    T m    of the cis- and trans- configurations is independent of molecular mass.




5.2.2. Position of the Double Bonds


The position of the double bonds is consequential. Notably, it was observed that double bonds on the alcohol moiety of fatty wax esters provide lower melting points compared to the fatty acid moiety [188]. Figure 11 shows that the effect of the position of the cis and trans double bond on    T m    of C18 monounsaturated fatty acids, fatty acid methyl esters (FAMEs), and fatty acid ethyl esters (FAEEs) is predictable. The melting point (   T m   ) of all these molecules linearly decreases as the double bond position shifts to higher numbers on the backbone. One can note again that    T m    of the trans configuration is higher than that of the cis configuration for all the molecules.





5.3. Role of Functional Groups


The functional groups affect lubricant thermal properties in a variety of ways [4]. The contribution depends on the functional group’s type and position in the molecule. The polarity of common functional groups as quantified by the estimated dipole moment of the electronegative bonds is provided in Table 7. The polarity values of Table 7 can be used to evaluate the contribution of the functional group to the intermolecular forces [7,109,189].



The functional groups with permanent dipoles that can form strong dipole-dipole intermolecular attractions such as sulfonyl (–SO2–) amide (–CONH–), carboxylic (–COOH), hydroxyl (–OH), and amine (–NH2) groups increase the crystallization temperature and enthalpy [159,160] whereas flexible functional groups which form weak dipole-induced dipole attractions such as sulfide (–S–) ether (–O–), ester (–COO–) and carbonate (–CO3–) result in lower crystallization temperature and enthalpy because of increased bulkiness and flexibility which increase much more the entropy than the added dipole-induced dipole attractions [57,159,161,162,163,164,165].




5.4. Ester Group Directionality Isomerism


Chirality is beneficial in molecular structures designed for biobased lubricants. The presence of chiral centers in lubricant molecular structures introduces stereoisomers which increases   Δ  S m    [160]. The study of over 50 chiral compounds showed that   Δ  H m    of racemic mixtures tend to be lower than those of their pure D and L isomers [163].




5.5. Role of Pendant Groups—Degree of Branching


The presence of pendent chains reduces the ability of individual molecules to stack in an orderly fashion, which lowers the pour point and viscosity of lubricants [159]. Branching also has the associated benefit of reducing the levels of unsaturation which increases oxidative stability [159,164,165]. However, branched molecules which tend to have more tertiary carbons, have lower OS than corresponding linear biobased lubricant molecules because of oxidative degradation reactions at their C–H bonds [50,57].



5.5.1. Degree of Branching—Number and Type of Pendant Groups


The increase in the number of branch groups and branch chain length in a linear lubricant backbone decreases   Δ  H m    because pendant groups inhibit regular molecular stacking during crystallization [6]. Additionally, branch chains contribute to   Δ  S m    via increased molecular flexibility, particularly when they are long (>4 carbons) [181,191]. This can dramatically reduce the PP, therefore improving the low-temperature performance of the VO-based lubricant [6,7,50,114,115,116,192]. For instance, various biobased isoalkanes available commercially can achieve pour points as low as −81 °C despite being fully saturated [178]. Figure 12a shows the effect of the number of branch groups on    T  o n     for different series of branched ester-based lubricants. Figure 12b illustrates the structural changes on    T  o n     using 18-18 monoesters as a representative series.




5.5.2. Length of Branches


The chain length of the branches is shown to linearly decrease PP. The branching of tri-ester derivatives of oleic acid with chains of 6 to 14 carbons followed straight lines (R2 > 0.9799, Figure 13) with slopes varying from −1.95 to −0.78 °C/carbon atom [4,31,193].




5.5.3. Position of the Branches


The position of the branch also has an effect: branching towards the center of the molecule provides a greater decrease in PP [7,195,196]. The location of the branching also affects cold-flow performance, with the alcohol moiety having the most influence on the thermal transition behavior of ester materials. clearly illustrates the effect of symmetry on ester compounds. For example, Yao et al. [197] reported that the PP of diesters with the 2-ethylhexyl alcohol moieties is lower (−60 °C) than those with the 2-ethylbutyl alcohol moiety (−35 °C). Generally, for the same chain length, the PP of hydrocarbon-branched diesters decreases with increasing the alcohol chain.



The gains achieved in PP,    T  o n     and    T m    from pendant chains depend on their nature, size, and location in the molecule backbone. The contributions of these structural features can be advantageous or disadvantageous.





5.6. Influence of Molecular Symmetry


The dependence of thermal transition behavior on molecular symmetry is reported for saturated wax monoesters as well as hydrocarbon-branched esters. Symmetrical molecules have higher rotational symmetry numbers than asymmetrical molecules. The symmetry number can be used to estimate the probability of the molecule being properly oriented for incorporation into the crystal lattice [152]. Lubricants with high molecular symmetry reduce   Δ  S m    because the molecules have a higher probability of presenting in the correct orientation for incorporation into the crystal lattice [50]. For lubricants, designing molecules with low symmetry numbers is desirable as it increases   Δ  S m   . Symmetrical molecules are more easily crystallized and have higher    T m    due to lower   Δ  S m    than asymmetrical molecules of the same size [127].



Patel et al. [179] reported that saturated asymmetric esters present melting points 1 °C to 5 °C lower than saturated symmetric esters. The structural changes in the alcohol moiety of a given ester are shown to influence thermal transition behavior more significantly compared to similar changes in the fatty acid moieties. For the same total chain length, the thermal transition temperatures of jojoba such as monoesters (JLE) with longer alcohol chains than the fatty acid chain are consistently higher [7,45,198].



All the structures of a biobased lubricant are constrained by molecular symmetry. The analysis of contributions from chain type, unsaturation, functional groups, and branching, discussed above obey the rules dictated by symmetry considerations.





6. Challenges and Perspectives


6.1. Challenges


The first issue facing VO-based lubricants is the source itself which poses major ethical problems in terms of competition with food and land requirements [199]. Even if new sources of renewable oils that do not compete with food are found, their transformation into usable materials is still challenging. The large-scale production of biobased lubricants requires increased crop cultivation which may lead to deforestation, habitat destruction, and increased water and pesticide usage unless they are produced in a bioreactor [200].



Current biobased lubricants have substandard oxidative stability because of the high susceptibility of their double bonds and β-CH group of their ester groups to radical attack. This leads to oxidative degradation and produces insoluble deposits that increase the biobased lubricant acidity and viscosity [201]. Biobased lubricants also have poor corrosion protection especially when moisture is present. The low-temperature characteristics of biobased lubricants include cloudiness, precipitation, poor flowability, and crystallization at relatively high temperatures [42]. Furthermore, biobased lubricants may not be compatible with certain machinery and equipment materials, such as seals and gaskets, which can result in swelling, leaking, or premature degradation.



Before using VOs as feedstock, physical and chemical refining is necessary. Multiple synthetic routes are needed to convert the TAG, fatty acids, and fatty alcohol molecules into crude lubricants. The resulting crude lubricants may need to be purified to ensure optimal performance. The refining, multiple synthesis steps, characterization, and analysis increase the cost of production of the VO-based lubricants. Because of the multiple-step production processes, biobased lubricant costs between 30 and 40% more compared to conventional lubricants [202].




6.2. Perspectives


There are opportunities to improve on the disadvantages of biobased lubricants. The first is using wasteland, growing non-edible, cheaper, and reliable oil-bearing feedstocks, and developing more efficient production methods [200]. Genetic engineering of oilseed crops can be tailored to increase yields and produce desired lipid profiles for lubricant production. The recycling and reusing of waste VOs, such as cooking oils, can provide a cost-effective source for VO-based lubricants. In that regard, innovative technologies are being developed to convert waste oils into high-quality lubricants through processes such as refining, purification, and modification. The blending of different feedstocks may be a means to improve properties and harness synergies that may emerge. Feedstock produced in bioreactors by algae and bacteria may also benefit from such approaches.



A critical part of the process of making biobased lubricants is the chemical transformations involved. New synthetic pathways to make novel molecular structures and cheaper biobased lubricants need to be further explored. As the industry develops, along with improved production efficiency, greener chemical routes need to be developed. A part of this endeavor is the development of efficient catalysts. Besides improving on the well-known modifications such as transesterification, epoxidation, hydrogenation, and esterification, emerging techniques such as enzymatic modification and microbial fermentation can be further developed to make specialized material with improved stability, reduced viscosity and enhanced thermal and oxidative stabilities [78]. Advanced computational modeling techniques, such as molecular dynamics simulations, can help optimize the structures and properties of biobased lubricants and guide the development of new formulations with improved performance.



Additives are an important component of lubricants that cannot be ignored in biobased formulations. The drive to use performance and environmentally friendly additives such as antioxidants, anti-wear agents, friction modifiers, and viscosity modifiers are a hot topic of research that would benefit from further research and development [203]. Nano-additives may be used to enhance wear resistance, reduce friction and provide better load-carrying capacity, therefore increasing the overall performance of the lubricant.



Another step to take these materials from the laboratory to the market is needed. It is imperative to confirm the tribological behavior of the new biobased lubricants and test them within existing machinery and systems to determine performance properties such as friction coefficient and wear. Additionally, their hydrolytic and oxidative stabilities which influence the shelf and use life of the materials need to be part of this research effort.



Consumer acceptance of VO-based lubricants is a major concern. Additionally, the environmental benefits, particularly the biodegradability and carbon footprint of VO-based lubricants need to be popularized for a larger informed acceptance. Life cycle and environmental assessment and management are therefore a priority for research and industry.



Meaningful engagements between manufacturers, environmental organizations, and regulatory agencies should be encouraged to seek the establishment of protocols for the development and implementation of technologies in ways that are socially beneficial, ecologically sustainable, and economically viable.





7. Conclusions


Biobased lubricants are an important category of products in the transition from fossil sources towards renewable and biobased products. They present several advantages over conventional lubricants derived from mineral oils, but their application on a commercial scale is still limited because of limitations in the requirements for production, performance, and cost.



This critical review of the literature on VO-based lubricants identified the molecular mass, level of unsaturation, degree of branching, and functional groups such as ester linkages and hydroxyl groups as the key molecular structures that determine lubricant performance. The contributions of these structures to lubricating functionality depend on common structural design elements including molecular symmetry, isomerism, and the odd–even effect. The specific roles that size, type, number, position, spatial arrangement, and symmetry play in determining lubricating functionality were elucidated.



The collation of flow and thermal transition data with attention paid to differences in conditions under which the various derivatives have been evaluated in terms of lubricating properties allowed the establishment of empirical predictive relationships between these properties and structures such as fatty chain length, number and type of functional groups. The role of symmetry and isomerism on these properties was quantified. A key finding is that function is generally linked to a structure by a simple linear or exponential function. Molecular mass, for example, is a fundamental determinant of viscosity and transition temperatures, but it is not a definitive predictor because of the distinct influence of other factors such as polar groups, branching, and symmetry. For example, within the 95% prediction band that an exponential rise to a maximum function encloses practically all the viscosity data versus molecular mass (R2 = 0.7897), particular and more refined predictive relationships can be extracted for particular molecular architectures. Not surprisingly, the unbranched VO-based lubricants lend themselves more easily to predictive structure–function relationships.



The VO-based ester lubricants demonstrate excellent low temperature and flow behavior, as well as high thermal and oxidative stabilities. These excellent properties are non-trivial achievements, and these esters represent the next generation of superior VO-based materials with increased inherent lubricity and biodegradability for use in commercial lubricants.



The knowledge gained in this work is unique, never reported before, and may be a milestone in the understanding of a class of compounds that is just starting to be researched. As with any other work, however, many questions have been raised that need to be answered. The use of functional groups in lipid-based lubricants remains an area for future investigation and optimization. Additionally, instead of using the oleyl oleate monoester backbone, other unsaturated backbones such as diesters and triesters can be used to create new VO-based ester lubricants with superior viscosity and cold-flow performance. Other new chemical and physical properties may emerge from these materials.



The new insights gained can be used to extend the ranges of chemical and physical properties of some of the molecules examined. The structure–property relationships presented in this work have been semi-empirically derived. These may be used to feed existing databases, or as a basis to develop first-principle models. Either way, this is the first step in the development of robust predictive systems with the goal of informing smart molecular designs and decreasing dependence upon expensive semi-empirical approaches for materials development.
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Nomenclature/Abbreviations and Names and Molecular Structures of Compounds Used









	ASTM International
	Formerly American Society for Testing and Materials
	Units



	BP
	Boiling Point
	°C



	CFP
	Cold-Flow Properties
	--



	CP
	Cloud Point
	°C



	DAG
	Diacylglycerol
	--



	DIN
	Deutsches Institut für Normung (German Institute for Standardization)
	--



	EN
	Europäische Norm (European Standards)
	--



	FAEE
	Fatty Acid Ethyl Esters
	--



	FAME
	Fatty Acid Methyl Ester
	--



	FP
	Flash Point
	°C



	FWHM
	Full Width at Half Maximum
	°C



	ISO
	International Organization for Standardization
	--



	JLE
	Jojoba-Like Ester
	--



	    k B    
	Boltzmann constant
	J/K



	MM
	Molecular Mass
	amu



	   M  M 0    
	Characteristic molecular mass
	amu



	  n  
	Chain length in number of carbons
	--



	    n 0    
	Characteristic Number of Carbons
	--



	OS
	Oxidative Stability
	--



	PAO
	Polyalphaolefin
	--



	PP
	Pour Point
	°C



	    p i    
	Power Index
	



	TAG
	Triacylglycerol
	--



	    T  o n     
	Onset temperature
	°C



	    T p    
	Peak temperature
	°C



	   T m   
	Melting Point
	°C



	    T  o f f     
	Offset temperature
	°C



	    T 0    
	Characteristic Temperature
	°C



	TS
	Thermal Stability
	--



	VI
	Viscosity Index
	--



	VO
	Vegetable Oil
	--



	   Δ  G m    
	Gibbs Free Energy at Solid–Liquid Transition
	J



	   Δ  H m    
	Change in Enthalpy of Melting
	J/g



	   Δ  S m    
	Change in Entropy of Melting
	J/(g·°C)



	  η  
	Viscosity
	Pa·s



	   # O H   
	Number of Hydroxyl Groups (OH)
	



	   # O  H 0    
	Characteristic Number of Hydroxyl Groups (OH)
	








	
Names and Molecular Structures




	
Class of Compounds

	
Scheme #

	
Figure #

	
Generalized Molecular Structure




	
Vegetable Oil TAG

	
Scheme 3

	
Figure 5a

	
[image: Lubricants 11 00284 i001]




	
Linear Saturated Monoesters

	
Scheme 5

	
Figure 5a and Figure 8
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Linear unsaturated Monoesters

	
Scheme 5

	
Figure 5a, Figure 6a, Figure 7 and Figure 8
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Linear saturated diol diesters

	
--

	
Figure 5a and Figure 8
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Linear saturated dibasic diesters

	
--

	
Figure 5a and Figure 8
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Linear unsaturated diol diesters

	
Scheme 5

	
Figure 5a,b and Figure 8
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Linear unsaturated dibasic diesters

	
Scheme 5

	
Figure 5a and Figure 8
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Undecenoates

	
--

	
Figure 5a
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Branched-unsaturated dibasic diesters

	
--

	
Figure 5a and Figure 13
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Branched Monoesters

	
--

	
Figure 6, Figure 12a,b and Figure 13
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Branched diol diesters

	
Scheme 6

	
Figure 5a and Figure 6a
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Branched dibasic diesters

	
Scheme 6

	
Figure 5a, Figure 6a and Figure 7
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Sulfide-branched monoesters

	
Scheme 7

	
--
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Sulfonyl-branched monoesters

	
Scheme 7

	
--
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Diester (H0-H6)

	
--

	
Figure 3 and Figure 6
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Saturated fatty acids

	
--

	
Figure 9
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Unsaturated fatty acid

	
--

	
Figure 10 and Figure 11
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Saturated fatty acid methyl esters (FAMEs)

	
--

	
Figure 9
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Unsaturated fatty acid methyl esters (FAMEs)

	
--

	
Figure 10 and Figure 11
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Saturated fatty acid ethyl esters (FAEEs)

	
--

	
Figure 9
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Unsaturated fatty acid ethyl esters (FAEEs)

	
--

	
Figure 10
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Saturated fatty acid propyl esters (FAPEs)

	
--

	
Figure 9
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Figure 1. Classification of lubricants by physical appearance, base oil resource, and application. 
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Scheme 1. General triacylglycerol (TAG) molecular structure. Reaction sites are indicated surrounded by encircled dotted lines. 
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Scheme 2. Thermal degradation mechanism of a TAG via the cis−elimination of β-hydrogen. 
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Scheme 3. Common synthetic pathways to functionalize TAG molecules for use in lubricants. 
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Scheme 4. TAG derivatization pathways to obtain common derivatives to be used as building blocks for VO-based lubricants. 
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Scheme 5. Linear saturated and unsaturated monoesters and diesters from TAG Derivatives. 






Scheme 5. Linear saturated and unsaturated monoesters and diesters from TAG Derivatives.



[image: Lubricants 11 00284 sch005]







[image: Lubricants 11 00284 sch006 550] 





Scheme 6. Ester-branched monoesters and diesters from TAG Derivatives. 
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Scheme 7. Sulfide, sulfonyl, and fatty acid branched VO-based lubricants. 






Scheme 7. Sulfide, sulfonyl, and fatty acid branched VO-based lubricants.



[image: Lubricants 11 00284 sch007]







[image: Lubricants 11 00284 g002 550] 





Figure 2. (a) Power index versus temperature    p i  ( T )   for TAG oligomers [128]. The dashed line is a fit to an exponential rise to a maximum function (Equation (5); R2 > 0.9899); (b) Power index versus the number of monomers in TAG oligomers. The line in (b) is a guide for the eye. 






Figure 2. (a) Power index versus temperature    p i  ( T )   for TAG oligomers [128]. The dashed line is a fit to an exponential rise to a maximum function (Equation (5); R2 > 0.9899); (b) Power index versus the number of monomers in TAG oligomers. The line in (b) is a guide for the eye.



[image: Lubricants 11 00284 g002]







[image: Lubricants 11 00284 g003 550] 





Figure 3. (a) Power index (   p i   ) versus temperature for (E)-Didec-9-enyl Octadec-9-enedioate (H0) and its 3 to 6 branched derivatives (H3-H6) [72,73,129,134]. Lines are fitted to exponential rise to a maximum function (Equation (5); R2 > 0.9879; 0.65 ≤    p  i 0     ≤ 0.85; 0.15 ≤  a  ≤ 0.37); (b) critical temperature    T 0    versus the number of OH groups in the branched derivatives (0 in H6, 1 in H5, 2 in H4 and 3 in H3). Dashed line: fit a straight line (  y =  y 0  + a x  ; R2 = 0.9944;    y 0    = 286.3,  a  = 2.23). 
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Scheme 8. General structure of monoesters with internal and terminal double bonds. 1: two internal double bonds; 2: internal double bond on the fatty acid moiety and terminal double bond on the alcohol moiety, 3: terminal double bond on the fatty acid moiety and internal double bond on the alcohol moiety and 4: two terminal double bonds. Brackets indicate different chain lengths. 
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Figure 4. Chemical structures (a,b) shear stress–shear rate at 40 °C of unsaturated monoesters (I: dec-9-en-1-yl oleate and II: (Z) -octadec-9-en-1-yl dec-9-enoate [73]) and diesters (III: hexane-1,6-diyl bis(dec-9-enoate) [134]). 
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Figure 5. Viscosity VO-based esters taken at 40 °C versus (a) molecular mass and (b) total chain length. Lines are fitted to exponential functions (Equation (6); R2 > 0.9297); (c) characteristic number (   n 0   ) versus temperature for diesters [73,140,142,143]. The dashed line is a fit to a straight line (  y =  y 0  + a x  ; R2 = 0.9736;    y 0    = −15.2,  a  = 0.74). 
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Figure 6. (a) Viscosity of branched monoesters (A–G) and diesters (H,I) versus molecular mass. (b) molecular structures of the base compounds. The molecules are ordered from A to I in the molecular mass ascending order. The numeral value attached to the letter in panel (a) indicates the number of pendant chains of the branched derivative [73,148,152]. 
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Figure 7. Viscosity at 40 °C of branched monoesters and 10-18-10 diester versus the number of hydroxyl groups in their propyl branched derivatives. (b) molecular structures of the base esters of panel (a). 
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Scheme 9. Structure of octadec-9-enyl dec-9-enoate (10-18) and dec-9-enyl oleate (18-10). 
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Figure 8. Onset temperature of crystallization (   T  o n    ) of unbranched monoesters and diesters versus molecular mass [51,179,180,181,182]. 
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Figure 9. Peak melting temperature versus chain length of esters. 
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Figure 10. (a) Effect of cis- and trans- configuration on the melting point of C16, 18, 20, and 22 monounsaturated fatty acid and its methyl and ethyl esters. (b) Molecular structures of (FAs; cis/trans: (i) ▲/(ii) △;), fatty acid methyl esters (FAMEs: (iii) ●/(iv) ○;) and fatty acid ethyl esters (FAEEs: (v) ■/(vi) □). 
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Figure 11. (a) Melting temperature versus double bond position of C18 monounsaturated fatty acids (FAs), fatty acid methyl esters (FAMEs), and fatty acid ethyl esters (FAEEs). (b) Chemical structures of the C18 FAMEs with the double bond in the 6, 9, and 11C positions. cis- and trans-double bonds: full and open symbols, respectively. 
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Figure 12. (a) Onset temperature of crystallization (   T  o n    ) versus the number of branch groups on the pour point for the various series of esters and ester-based lubricants with constant backbone length. and (b) variation of pour point of 18-18 monoesters with the number of pendant groups. 
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Figure 13. Pour point versus branch length of branched tri-ester derivatives of oleic acid [4,31,194]. 
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Table 1. Base stocks for lubricant oils.
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Base-Stock

	
Source

	
Process/Manufacture

	
Composition

	
Biodegradability/Toxicity

	
Ref.






	
Mineral oil

	
Crude oil

	

	
Conventional refining—processing, catalytic dewaxing, hydrotreatment, and hydrocracking.






	
High molecular weight naphthenic, aromatic, or paraffinic hydrocarbons

	
Hazardous because of partial biodegradability

	
[12,13]




	
Synthetic oil

	
Mostly petroleum crude oil

	

	
Chemical modification via hydrotreating and hydroprocessing.



	
Some of the starting units can be cracking derivatives of petroleum.



	
The larger molecules are made up of smaller starting units.






	
Poly-α-olefins, silicones, polyol esters, phosphate esters, and polyalkylene glycols.

	
Higher rate of biodegradation but toxic when entering the ecosystem through total-loss applications and spillages

High costs

	
[14,15]




	
Fatty acids and alcohols




	
Biobased oil

	
Vegetable oils, waste oils, oleaginous microorganisms

	

	
Thermochemical and catalytic processing.






	
TAGs and esters unsaturated fatty acids.

	
Better biodegradability compared with mineral oils

	
[5,6,16,17]
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Table 2. Categories of physicochemical characteristics of lubricants.
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	Category
	Physicochemical Characteristics





	General properties
	Viscosity, viscosity index (VI), and acidity



	Cold-flow properties (CFP)
	Cloud point (CP) and pour point (PP); melting and crystallization temperatures (   T m    and    T c   , respectively)



	High-temperature properties
	Flash point (FP) and volatility



	Stability properties
	Thermo-oxidative stability (TOS) and hydrolytic stability (HS)



	Performance metrics
	Lubricity, anti-wear properties, rust prevention, and foam resistance



	Environmental metrics
	Biodegradability and ecotoxicity
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Table 3. Key parameters used to characterize lubricants and their relevance.
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	Parameter
	Should Be
	Relevance





	Pour point (PP)
	Low
	to maintain flow characteristics at low temperature



	Cloud point (CP)
	Low
	to prevent clogging of filters at low temperatures



	Transition Full width at half maximum (FWHM)
	Broad
	to demonstrate a slow crystallization process



	Enthalpy
	Low
	to store less heat and correlate with low crystallization



	Flow type
	Adequate/optimum
	to facilitate fluid properties under specific application



	Viscosity
	Adequate/optimum
	to form stable oil film at a specified temperature and speed of operation. Determines starting and operating of machines under varying temperatures



	Viscosity index (VI)
	High
	to reduce the change in viscosity with temperature



	Thermal stability
	High
	to operate at elevated temperatures with minimal or no degradation



	Oxidative stability
	High
	to perform in the presence of oxygen and air under a high-temperature environment



	Anti-Corrosion
	High
	to protect metallic containment systems from corroding



	Adhesion to metal surface
	Good
	to form a thin tribofilm



	Flash point
	High
	to reduce the concentration of vapor that would spontaneously ignite with air



	Fire Point
	high
	to reduce the concentration of vapor that would burn continuously with air



	Biodegradability
	high
	to be broken down by the action of microorganisms in the presence of oxygen, nitrogen, and minerals
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Table 4. Advantages and disadvantages of biobased lubricants. Viscosity Index (VI); Flash Point (FP); Pour Point (PP); Boiling Point (BP); Vegetable Oil (VO).
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Vegetable Oils

	
VO-Derived Lubricants




	

	
Advantages

	
Drawbacks

	
Advantages

	
Drawbacks






	
Environmental

	

	
Renewable



	
Non-toxic and readily biodegradable



	
No potential for bioaccumulation






	

	
Competition with food






	

	
Variety of renewable source



	
High biodegradability and low toxicity



	
Lesser amount of contaminants/free from heavy metals



	
Can be used in both open (total-loss lubricants) and closed systems






	

	
Competition with food









	
Performance

	

	
High lubricity: in certain applications, friction modifiers are added to reduce slippage



	
Higher affinity to metal surfaces: keep dirt and debris off metal surfaces



	
Good extreme pressure proprieties






	

	
Polymerize at high temperatures



	
Unpleasant smell



	
Flushing propensity because of low viscosity



	
Poor pumpability at sub-zero temperatures



	
Tendency to clog filters



	
Incompatibility with other lubricants



	
Poor compatibility with paints and sealants






	

	
Customizable chemical structures



	
Excellent lubricity in comparison to mineral oils



	
Compatible with mineral oil



	
Perform well at extreme pressures



	
Perform well at both high- and low-temperature applications



	
Good shear resistance






	

	
Incompatible with some paints, finishes, and seal materials



	
Can cause filters to clog because of their effectiveness at removing mineral oil deposits









	
Properties

	

	
Higher VI compared to 90–100 for most mineral-based oils



	
Higher FP than mineral and synthetic oils (at least 25 °C higher)



	
Lower volatility



	
Good solvents



	
Superior anticorrosive proprieties






	

	
Poor thermal stability



	
Poor hydrolytic stability



	
Poor oxidative stability



	
Poor performance at both low and high temperatures



	
Poor cold-flow behavior: higher PP/limited low-temperature use



	
Cannot withstand high reservoir temperatures



	
Possibility of serious foaming and degradation even with small amounts of water






	

	
High VI, as high as 220,



	
High FP (~330 °C)



	
Low PP



	
Low volatility



	
High BP



	
High oxidative stability



	
High thermal stability



	
Provide corrosion protection



	
Longer lubricant life






	

	
Unwanted hydrolysis









	
Economics

	

	
New genetically modified seeds designed for use in lubricants technology






	

	
Much limited shelf life and service life compared to mineral or synthetic counterparts



	
Higher cost than mineral oils



	
Need for more frequent oil filter service because they remove mineral oil deposits






	

	
Disposal costs similar to those for VO-derived lubricants.






	

	
Limited production.



	
The technologies to make them are less developed compared to those using fossil.



	
More expensive than comparable mineral oil lubricants (may be 20% to 2 times more) but are expected to drop with improvement in production efficiency and as the market develops.
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Table 5. Key structural elements and their influence on lubricant properties. Flash Point (FP); Cloud Point (CP); Pour Point (PP); Thermal Stability (TS); Oxidative Stability (OS); Viscosity Index (VI).






Table 5. Key structural elements and their influence on lubricant properties. Flash Point (FP); Cloud Point (CP); Pour Point (PP); Thermal Stability (TS); Oxidative Stability (OS); Viscosity Index (VI).





	
Structural Element

	
Main Characteristics

	
Influence When Present in a Lubricant

	




	
Advantageous

	
Disadvantageous

	






	
Molecular Mass

Chain length—Saturated and unsaturated fatty chain

	
Provide:



	
Intermolecular forces in the form of Van der Waals Dispersion Forces (“London forces”);



	
Flexibility and steric hindrance;



	
Mass transfer Limitations;



	
Steric hindrance.






	

	
Increase lubricity;



	
Decreasing volatility;



	
Increase viscosity and VI;



	
Increase FP and TS;



	
Create thicker tribofilm.






	

	
Increase PP and CP;



	
Limited viscosity range;



	
Poor corrosion protection and poor OS;



	
Slows biodegradability.






	
[26,39,40,41,42]




	
Level of Unsaturation

	

	
Rotation is restricted around double bonds;



	
Add rigidity to the hydrocarbon chains;



	
Cis- double bonds are ‘bent’ at an angle, which results in poorer packing.






	

	
Decrease PP;



	
Decrease CP;



	
Improve tribofilm adhesion.






	

	
Increase reactivity;



	
Decrease viscosity;



	
Decrease OS and TS.






	
[34]




	
Ester groups

	

	
Have low polarity and form weak intermolecular interactions.



	
The alkoxy moiety (C–O–C) on the ester group adds to the molecule flexibility because of a low rotational energy barrier.






	

	
Increase tribofilm adhesion;



	
Improve flow behavior;



	
Increase biodegradability;






	

	
Decrease viscosity;



	
Weak polarity.






	
[6,16,43]




	
Functional polar groups

	

	
Provide:



	
Intermolecular forces in the form of Van Der Waals Dipole-Dipole Interactions;



	
Hydrogen bonding;



	
Intermolecular forces increase with increasing polarization of bonds;



	
The polar region is responsible for adhesion on a sliding surface;



	
The non-polar region is responsible for strength and oiliness;






	

	
Increase Viscosity;



	
Decrease PP;



	
Improve tribofilm adhesion;



	
Improve dispersibility.






	

	
Decrease TS and OS;



	
Increase Chemical wear.






	
[5,6,44]




	
Branching

	

	
Provides:



	
Mass increase;



	
Bulky protuberances;



	
Steric hindrance;



	
Reduced flexibility;






	

	
Improve load-carrying capacity;



	
Decrease PP;



	
Improves OS and TS.






	

	
Reduce tribofilm adhesion;



	
Reduce biodegradability.






	
[45,46]
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Table 6. Property ranges of ester-based lubricant base oils.






Table 6. Property ranges of ester-based lubricant base oils.





	
Property

	
Unit

	
Monoesters

	
Diesters

	
Polyol Esters

	
Complex Esters

	
Estolide Esters




	

	

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max






	
VI

	
–

	
45

	
270

	
85

	
215

	
46

	
229

	
93

	
278

	
154

	
202




	
    η  40     

	
cSt

	
3.5

	
17

	
5.5

	
135

	
5.5

	
390

	
68

	
4000

	
30

	
99




	
    η  100     

	
cSt

	
1.4

	
23

	
1.9

	
18

	
1.9

	
26

	
11

	
2000

	
6

	
15




	
CP

	
°C

	
−38

	
−15

	
−40

	
−18

	
-

	
-

	
-

	
-

	
-

	
-




	
PP

	
°C

	
−75

	
20

	
−70

	
0

	
-70

	
45

	
−50

	
6

	
−30

	
−18




	
FP

	
°C

	
113

	
305

	
123

	
325

	
215

	
331

	
135

	
325

	
283

	
296




	
NOACK

	
wt%

	
0

	
93

	
0.8

	
62

	
1

	
32

	
-

	
-

	
0.4

	
2




	
V120

	
%

	
0.48

	
0.92

	
0.32

	
0.78

	
0.24

	
0.51

	
-

	
-

	
-

	
-




	
OT

	
°C

	
64

	
113

	
74

	
128

	
83

	
135

	
-

	
-

	
-

	
-




	
  μ  

	
-

	
0.14

	
0.47

	
0.09

	
0.46

	
0.06

	
0.31

	
0.079

	
0.081

	
-

	
-




	
WSD

	
mm

	
0.28

	
0.83

	
0.25

	
0.66

	
2.54

	

	
0.269

	
0.805

	
0.174

	
0.247








Viscosity Index (VI); Viscosity at 40 °C (   η  40    ); Viscosity at 100 °C (   η  100    ); Cloud point (CP); Pour point (PP); Flash point (FP); Evaporation loss, NOACK 250 °C/1 h (NOACK% loss); Volatility 120 °C (V120); Oxidation onset (OT); Coefficient of friction ( μ ); Four ball wear scar, 40 daN, 1 h (WSD).
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Table 7. Dipole moments of common functional groups [7,44,57,63,148,158,159,161,162,163,164,165,190].






Table 7. Dipole moments of common functional groups [7,44,57,63,148,158,159,161,162,163,164,165,190].





	Functional Groups
	Structure
	Dipole Moments (D)





	Sulfone
	R-SO2-R’
	4.6



	Amide
	R-CONH-R’
	3.8



	Sulfoxide
	RSO-R
	3.6



	Carboxyl
	R-COOH
	1.8



	Hydroxyl
	R-OH
	1.7



	Ester
	R-COO-R’
	1.7



	Sulfide
	R-S-R’
	1.5



	Amine
	R-NH2
	1.2



	ether
	R–O–R’
	0.9



	carbonate
	R–CO3–R’
	1.0



	Alkane
	R
	0
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