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1. Introduction
Due to rapid technological and economic development, many countries have introduced economic changes to improve efficiency of production and management, focusing on the ecological character of legislation and the relevant actions to be taken. The use of renewable energy sources to produce transport fuel for combustion engines is dictated by a high demand for fuel and the depletion of natural resources. The structures of combustion engines enable their modernization and, subsequently, a return to the idea of plant fuels. The exhaustion of petroleum fuels is an argument for turning to the concept of plant fuels. Plant oils are considered to be the best for this purpose [1].
2.  Background

It has been found that in several studies fatty acid methyl ester (FAME) is of vegetable oil origin has been used in order to enhance the lubricity of diesel fuels in diesel engine. As lubricity of diesel fuel directly affects the fuel pumps or the injection equipments. Hence FAME of vegetable oil origin will be used to investigate its tribological performance.

So, instead of using waste engine oils for the purpose of lubrication as base oil additives with fatty acid methyl ester (which has already being used as a load carrying additive inside engine lubrication) could be used to serve the purpose of lubrication of external meshing machine components [2].

3. Tribology

  History of Tribology 
It is the science of friction, lubrication and wear. Tribology is the study of the science and engineering of interacting surfaces in relative motion and includes the study and application of the principles of friction, lubrication and wear. The word ‘Tribology’ was first used in a landmark report by Jost (2006). It was derived from the Greek term tribos meaning rubbing, so that the literal meaning would be ‘the science of rubbing’. Leonardo da Vinci was the first to state the two laws of friction governing the motion of a rectangular block sliding over a flat surface, but his work remained unpublished and scientific studies of wear developed very little until the twentieth century [3]. Since the beginning of the twentieth century, however, knowledge in all areas of tribology has expanded tremendously, due to enormous industrial growth, which led to the demand for an improved understanding of tribology.

4. Friction

Friction is the resistive force that occurs when surfaces move along each other. Friction will always oppose the direction of the initial force that causes it. Different surfaces have different coefficients of friction (between 0 and 1), written as μ. Smooth, well-lubricated surfaces have a small μ, whereas rough surfaces will have a μ closer to 1.

5. Wear

Wear refers to the loss of material of one or more components as they slide against each other. The two main types of wear are abrasive wear and adhesive wear. Abrasive wear occurs when the harder of the two surfaces removes material from the softer counterpart it slides against. Adhesive wear, however, occurs when the surfaces stick together during sliding, causing one surface to lose material. A third failure method of wear occurs after, even, in circumstances of low stress. If a system undergoes multiple cycle soft he same load enough times it can eventually fail, even if the stress it is withstanding is lower than its ultimate tensile strength. This is caused by minuscule imperfections in the component which leads to imperceptible, microscopic cracks. Though these cracks are not initially a problem, multiple cycles of this stress will cause the cracks to propagate and grow [4].

6. Lubrication

Lubrication is the process, or technique employed to reduce wear of one or both surfaces in close proximity, and moving relative to each another, by interposing a substance called lubricant between the surfaces to carry or to help carry the load (pressure generated) between the opposing surfaces. The interposed lubricant film can be a solid, (e.g. graphite, MoS2) a solid/liquid dispersion, a liquid, a liquid-liquid dispersion gasses exceptionally a gas [5].

Boundary lubrication is the lubrication film with the smallest thickness. When used, there is extremely little separation between the two sliding parts. To prevent friction and wear, boundary lubrication instead uses additives “such extreme pressure (EP) or anti-wear (AW)” (Machinery Lubrication, n.d.) rather than separation [6].

7. Materials used in Tribology

Lubricating materials may be gaseous, liquid, solid or a hybrid of these states. Their primary function is to control friction and wear, but they also help control temperature rise, minimize corrosion, transmit power, wash out debris, dampen shocks, and more.

The use of liquid lubricants is relatively well known. They are made mainly from oils (derived from petroleum, plant, animal and synthetic sources). Some lubricants are semi- liquid/plastic (also known as grease) and are also quite commonly used. Solid lubricants are less common but extremely useful in specific demanding applications [7]. They are rarely used as is and are often added to other lubricants to impart particularly useful properties to them. Examples of solid lubricants are graphite, mica, and lead carbonate. Metal sulfides are also used as solid lubricants, including bismuth sulfide, tungsten sulfide, copper sulfide, tin sulfide, zinc sulfide and iron sulfide. The table below shows a list of metal sulfides' key properties.
8. Challenging of Tribology
One of the major challenges faced in tribology is its low visibility, largely due to its multidisciplinary nature requiring expertise in varying fields to fully grasp the big picture. Due to this, it is also very difficult to develop problem-solving models that can accurately predict and simulate tribological processes. Another challenge is the sheer complexity of the field in itself. A lot of progress that has been made has come from empirical methods of trial and error and improvements born of multiple experimental iterations rather than a complete and thorough understanding of the underlying tribological mechanisms [8]. The way forward is nothing but increased research and an agglomeration of the entire component fields into one field so that tribology can stand on its own.

9. Lubricant

A Lubricant, sometimes referred to as "lube" is a substance (often a liquid) introduced between two moving surfaces to reduce the friction between them, improving efficiency and reducing wear. They may also have the function of dissolving or transporting foreign particles and of distributing heat.

Typically lubricants contain 90% base oil (most often petroleum fractions, called mineral oils) and less than 10% additives. Vegetable oils or synthetic liquids such as hydrogenated polyolefin fins, esters, silicone, fluorocarbons and many others are sometimes used as base oils. Additives deliver reduced friction and wear, increased viscosity, improved viscosity index, resistance to corrosion and oxidation, aging or contamination, etc.In addition to industrial applications; lubricants are used for any other purposes. Other uses include bio-medical applications (e.g. lubricants for artificial joints) [9].

10. Functions of Lubricants

· Keep moving parts apart
· Reduce friction
· Transfer heat
· Carry away contaminants &debris
· Transmit power
· Protect against wear
· Prevent corrosion
· Seal for gasses
· Stop the risk of smoke and fire of objects
Other reasons people generally use types of lubricants can include to:
· Help parts continue to move in the appropriate manner (i.e. locks, switches, etc.)
· Make a surface water-resistant
· Prevent wear and tear from damaging a surface
· Transfer power (namely hydro static power) from one surface to another transmits heat from one surface to another.
11. Base Oil

Oils are generally classified as refined and synthetic. Examples of refined are Paraffinic and naphthenic oils. They are refined from crude oil while synthetic oils are manufactured. Literature on lubrication frequently makes references to long chain molecules and ring structures in connection with paraffinic and naphthenic oils, respectively. All lubricants contain base oil. It serves as the foundation of the lubricant before it is blended with additives or a thickener in the case of grease [10]. But how do you know which base oil is best? Trying to choose between mineral oils and synthetics can be confusing. This article will break down the complexity between base oil formulations so you can make the right decision for each application.
12. Base Oil Categories

Lubricants can be categorized in many different ways. One of the most common classifications is by the constituent base oil: mineral, synthetic or vegetable. Mineral oil, which is derived from crude oil, can be produced to a range of qualities associated with the oil’s refining process. Synthetics are man-made through a synthesizing process and come in number of formulations with unique properties for their intended purpose. Vegetable base oils, which are derived from plant oils, represent a very small percentage of lubricants and are used primarily for renewable and environmental interests [11].

13. Fatty Acid Methyl Ester (FAME)

Methyl Esters Fatty Acid (FAME) is esters of fatty acids. The physical characteristics of fatty acid esters are closer to those of fossil diesel fuels than pure vegetable oils, but properties depend on the type of vegetable oil. A mixture of different fatty acid methyl esters is commonly referred to as biodiesel, which is a renewable alternative fuel. FAME has physical properties similar to those of conventional diesel. It is also non-toxic and biodegradable.
Fatty acid methyl ester, FAME, is a nontoxic, biodegradable biodiesel that can be produced from a wide array of vegetable oils and fats. It is used both as a blending component in fossil diesel and a pure fuel. It is then called B100 (see separate fact sheet). FAME, to gather with Bio ethanol, is the leading renewable liquid fuels on a global basis. In Sweden, FAME is the second largest renewable liquid fuel on the market [12]. All FAME on the Swedish market is based on rapeseed methyl ester (RME) to comply with climate related requirements.

14. Primary area of use

Fatty acid methyl ester, FAME, generally goes under the name biodiesel and is used as fuel in diesel engine vehicles. It is normally used as a blend-in component in fossil diesel to increase the renewable content of the fuel. The current European diesel standard allows up to 7% v/v of FAME in diesel fuel without any modifications in vehicles or the distribution system. FAME is fully miscible with fossil diesel and apart from increasing the renewable content, it improves the lubricating properties. However, FAME is sensitive to cold climate and FAME can also be used as a pure fuel, called B100 (see separate fact sheet). Pure FAME is nontoxic and biodegradable if spilled into nature. However, the biodegradable properties have a negative impact on the storage time, and pure FAME should therefore be consumed within six months to avoid problems with oxidation and polymerization. Vehicles that run on pure FAME must be approved for this by the vehicle manufacturer to ensure compatibility of materials and engine settings [13]. Today, several trucks, busses and light transportation vehicles have been approved for the use of pure FAME. In Sweden the market for B100 has grown rapidly during the last years, but knowledge about the fuel has now quite spread to the rest of Europe.

15. Properties

Production and sustainability aspects of biodiesel (fatty acid methyl esters, FAME) or potential feed stocks are studied in the IEA-AMF Task 45 (Stengel and Vium 2015), Task 37 (Nylund and Koponen Eds. 2012) Task 34-1 (McGill et al. 2008) and Task 30 (Greene and Dawson Eds. 2007). Use of biodiesel as a substitute diesel fuel is on the rise around the world. Volumes of biodiesel used and produced are growing very rapidly from nearly zero in just the mid-1990s to over 10 M-toe in 2009 (AMF Annual report 2010) [14]. In 2015, global production of biodiesel was already 23.5 M-toe (30.1 billion liters), which represents 22% of global bio fuels production, while share of ethanol production was 74% (50 Mtoe, 98 billion liters) and of HVO production 4%, respectively (REN21 2016).

Such a rosy outlook for bio fuels is not without technical hurdles, though. Esters from vegetable oils face some serious technical barriers that either requires special measures to accommodate the fuels or limit their practical use in some climates at some blend levels. Among these barriers are poor oxidative stability, incompatibility with some elastomers, low- temperature flow properties, high NOx emissions, and competition for the same resources that are used in the food industries. If we are to achieve greater impact of bio-derived fuels, we must utilize all varieties of biomass feed stocks and produce a broader slate of fuel choices, ranging from gasoline replacements to diesel replacements [15]. Therefore, the world’s attention is turning to concepts of more diverse manufacturing processes, and the notion of a flexible bio refinery is coming into being. Amongst these are paraffinic fuel options (HVO).Ignition properties of FAME biodiesel are acceptable with cetane number generally over 50. FAME contains practically no sulfur or aromatics, and lubricity is good. Drawbacks are related to high viscosity, poor cold properties, high boiling point and impurities, such as triglycerides, glycerol, alcohols, sodium, potassium and phosphorus.

16. Chemical structure

Vegetable oils, animal fats, recycled cooking greases etc. can be transformed into biodiesel using transesterification (Figure 2). Oils and fats, which are triglycerides and/or free fatty acids, react with alcohol to produce esters when using catalyst, which is typically sodium or potassium hydroxide. The side-product is glycerol (glycerin). So far, only methanol is used as alcohol in current biodiesel plants [16]. Processes and catalysts used today are optimized for methanol. Yields tend to be lower for higher alcohols than for methanol. Cetane number may increase with higher alcohols, as well as viscosity. In this section, only fatty acid methyl esters (FAME) are discussed.

[image: image1.png]Table 1: Feeastocks jor biodiesel esters (IEA AMF Task 34-1 McGill et al.2008).

Animal Fats Vegetable Oils Recycled Greases
Edible tallow Soy Used cooking oils
Inedible tallow Com Restaurant frying oils
Lard Canola (Rapeseed)

Yellow grease Sunflower

Poultry fats Cottonseed

Fish oil





R= Carbon chain of fatty acid.
Biodiesel esters can be made from a variety of vegetable oils and fats, including those presented in Table 1.
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The oils and fats above are made up of 10 common types of fatty acids. All have between 12 and 22 carbon atoms with the great majority of them being between 16 and 22 carbons. Some are fully saturated, some monounsaturated (one double bond in the fatty acid chain), and some polyunsaturated (multiple double bonds in the fatty acid chain) [17]. The different feed stocks listed above are made up of different proportions of saturated, monounsaturated, and polyunsaturated fatty acids. This is illustrated in Figure 3.
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The different levels of saturation of the feedstock can affect the properties of the finished biodiesel fuel. This proves to be a significant factor when selecting the best feedstock for the particular application planned for the finished biodiesel fuel. This fact is illustrated in Table 1 below. In the table, general trends in three fuel properties, cetane number, cloud point, and stability, are shown to be related to the degree of saturation of the feedstock. Shown are typical fatty acids of different carbon content and different levels of saturation. The fuels from saturated fatty acids are generally better performing in cetane number and stability, and as the number of double bonds increase, performance in those properties generally degrades [18].
The selection of feedstock has general effects on the product of the esterification process, i.e. bio fuels. On the other hand, fuel properties, physical, as well as, chemical, affect the performance of engines, e.g. on engine cleanliness and deposit build-up. For the diesel engine, fuel parameters like ignition quality (cetane), density, boiling range, content of aromatic compounds and sulfur affect engine performance and emissions. Properties like viscosity, lubricity, and the content of impurities may be decisive for engine durability, and these properties can vary by region depending on the weather of the region.

Table2. Variation of finished bio fuel properties with feedstock composition (NREL, 2006)
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17. Legislation and standards
In order to assure that certain minimum requirements are met by the fuel, international standards exist for biodiesel fuels. The standards ensure that important factors in the fuel production process are satisfied. These include low sulfur content and absence of glycerin, alcohol, catalyst, and free fatty acids [19]. Basic industrial tests to determine whether the products conform to standards are specified in the standards rules.

The international standard for 100% FAME biodiesel in Europe is EN 14214, while ASTM D6751 is referenced in the U.S. and Canada. ASTM D6751 for neat biodiesel (B100) prior to blending, includes a voluntary No. 1-B grade, which provides more stringent controls for minor components in raw materials used to make biodiesel than the No. 2-B grade. The finished blended fuel standards are D975 for on/off road diesel up to 5% biodiesel (B5), D7467 for B6-B20 on/off road applications, and D396 for heating oil up to 5% biodiesel. B100 used for D975, D7467, and D396 must meet D6751 (either the No. 1-B or the No. 2-B grade) prior to blending. More information can be found at ASTM.ORG or NBB.ORG.

In Europe, EN14214 describes the requirements and test methods for FAME before blending with diesel, and the following standards specify the requirements for fuels containing FAME [20]:

EN590 (2014): for diesel fuel containing FAME upto 7% (%V/V)

EN16734 (2016) specifies B10 fuel with FAME content upto 10%(V/V)for compatible vehicles

EN16709 (2015) specifies B20and B30fuels with FAME content from14 to 20 %(m/m) for B20 and FAME content from 24 to 30 %(m/m) for B30 in fleet use

In Japan, diesel fuel specification JISK 2204:2007allows FAME content up to 5 %(m/m).

Automobile and engine manufacturers have defined recommendations for fuels in “World Wide Fuel Charter” (WWFC). Biodiesel guidelines for 100% FAME biodiesel came available from WWFC in 2009.

WWFC and two standards together with typical properties of RME are shown in Table 2.

Table3. Example of FAME properties (Rapeseed Methyl Ester, RME) together with the requirements of the EN 14214 and ASTM D6751 standards for 100% FAME. Complete requirements and standards are available from the respective organizations.

18. FAME/Biodiesel projects

Unclear political steering systems, land usage discussions and removal of tax incentives in Sweden have raised many concerns for the FAME industry the past years. Nonetheless, the globaldevelopmentofbiodieselcontinues,andnewproductionplantsarebeingbuilt.Despite the uncertain political situation in EU, several European countries want to increase biodiesel use even more and in August 2015 a new European Standard, EN 16709, was approved, allowing B20 and B30 blends in fossil diesel (14-20 % v/v or 24-30 % v/v FAME in diesel fuel) for designated vehicles [21]. However, this is not applicable in Sweden today; as the Swedish law for transportation fuels (Drivmedelslag 2011:319) does not allow marketing of diesel fuels containing more than 7 % v/v of FAME.

19. Physical & Chemical Properties of FAME

Although FAME has many physical properties that are similar to hydrocarbon-only diesel fuel, there are differences that must be taken into consideration when handling or blending FAME:

· Has a higher viscosity, density, and distillation profile.
· Has a lower energy content resulting in higher volumetric fuel consumption for diesel fuels containing FAME.

· Isabettersolventthatmayloosenand/ordissolvesedimentsinfueltanksandfuelling systems, contributing to filter plugging.

· Has different cold flow properties than most hydrocarbon-only diesel fuels, usually a higher pour point, cloud point, and CFPP, that are not as easily predicted as in conventional diesel fuels [22].

· Can contain impurities that have poor solubility in the FAME and in the blended diesel fuel contributing to poor cold temperature and filterability performance.

· Is not compatible with some metals, plastics, and coatings that are typically used in fuel supply and distribution systems.

· 
Generally has lower oxidation and thermal stability compared to hydrocarbon-only diesel.
20. Challenges from FAME Use

The chemistry and composition of FAME is different from that of hydrocarbon-only fuels. As a result, blending FAME into hydrocarbon fuels introduces some specific challenges that must be carefully addressed in the production, blending, distribution, and supply of diesel fuels [23]. These include the effect of FAME as a neat product and as a blend component in diesel fuel on:

· Oxidation stability, under both thermal and longer-term storage conditions
· Cold flow properties and filterability behavior
· Propensity for supporting microbiological growth.
· Tendency to increase the dissolved water content and degrade the water shedding ability of diesel fuels

· Compatibility with materials commonly used in refinery, distribution, and fuel supply systems

· Removal of dirt, rust, and other solid contaminants in the supply and distribution system.

· Transport
of
FAME/diesel
blends
in
multi-product
pipelines
and other distribution systems.
· Safety, fire-fighting, and waste handling measures.
· Performance and compatibility of additives commonly used in distillate fuels [24].

21. Fuel Additive Performance

It is recommended that FAME used for blending should not contain any additives other than oxidation-stability improving additives. This helps to avoid problems caused by incompatibility of additives in the FAME with typical diesel cold flow and performance additive packages. Performance additive packages are preferably injected during or after blending FAME into the hydrocarbon-only diesel fuel.

FAME contains no hazardous materials and is generally regarded as safe to use. Prolonged or repeated contact is not likely to cause significant skin irritation and no hazards are anticipated from incidental ingestion through industrial exposure. FAME having high iodine values can oxidize rapidly when exposed to air. Cloths and rags that have been used to clean up neat FAME may exhibit spontaneous combustion due to oxidation of the FAME [25].

A very wide range of additives has been developed to meet the needs of an industry which converts principally hydrocarbon fuels into heat energy, either to provide transportation or to generate electricity for industrial and domestic consumption. The wide range of products required reflects both the range of fuel types that benefit from additive use and also the range of performance features that can be improved, or operational problems that can be overcome, through the use of additives. These may be encountered at the refinery, in distribution systems and storage tanks or in use, for example, in numerous different transport applications. An additive may be used as a single stand-alone product to resolve a specific issue, for example at the refinery or, frequently, may be combined with other products to create a multi-functional package for use in finished fuels for the automotive industry. Fuel additive treat levels are generally low, with some additives dosed at single figure mg/kg (ppm) levels. Others are employed at treat levels ranging from 50-500 mg/kg, while a multifunctional package may be used at treat levels in the range 350-3500 mg/kg (0.035-0.35
%) depending on the extent and range of benefits desired [26]. Additive treat levels employed do not approach those of fuel blending components (such as ethanol for use in gasoline, or fatty acid methyl esters (FAME) in diesel fuel), where use levels are typically 3- 20 % of the hydrocarbon base fuel volume.

22. Development of new additives

Innovation is an on-going requirement in the fuel additives business, often driven by legislation which changes the specification of fuels (not only automotive fuels) or demands the use of higher quality fuels. Reduction of sulphur content in middle distillate fuels, for example, has led to the need to develop lubricity additives to protect diesel injector pumps. In another instance, there may be the need to develop a new and enhanced multi-functional additive package (possibly including novel additive components) to enable vehicle fuel economy to be improved while minimizing the emission of regulated exhaust pollutants. Growth in the demand for diesel exhaust particulate filters, for example, has spurred the development of fuel borne catalyst additive products to assist on-board filter cleaning, or regeneration, of the particulate filter [27].
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