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Abstract 

This thesis focused on the electrochemical process of synthesizing hydrocarbons and 

formulation of fully green bio-lubricants in light of the increasing concern for green industrial 

fluids. 

With increasing concern about environmental degradation and resources depletion, the urgency 

for sustainable industrial processes and materials are very crucial. Traditionally, petroleum-

based fuels and lubricants are used across industries and are a major contributor to greenhouse 

gas emission, pollution and dependence on limited resources. The need to shift to sustainable, 

renewable resources in the industrial applications is more pressing with rising concern with the 

environment and availability of resources of the petroleum derived products. Therefore, these 

challenges need to be overcome through the generation of renewable resources, such as bio-

based products and sustainable material. 

The United States Department of Agriculture (USDA) BioPerferred and European Union (EU) 

Ecolabel catalogs lists bio-lubricants as biodegradable and must be derived from renewable 

sources e.g. renewable hydrocarbon based bio-lubricants [1]. Hydrocarbons and their 

lubricants derived from renewable feedstocks have the advantages of biodegradability and high 

flash points, thus reducing the risk of toxicity to the environment and risk of fires in machinery 

[2]. Long chain hydrocarbons, especially have vital importance for the applications in 

lubricants, where their molecular structure improves thermal stability and viscosity, necessary 

for their efficiency and durability [3]. 

Currently, the production of bio-based hydrocarbons by many known methods has been limited 

due to high energy demand, high-cost feedstocks, and the complexity of the process. A 

sustainable alternative is provided by Kolbe electrolysis (KE), a process that is known for 

hydrocarbons production from fatty acids using electrochemical energy. 

Despite extensive study of Kolbe electrolysis (KE) by using single fatty acids, its application 

to mixed fatty acids, especially those from complex sources such as vegetable oils, remains 

largely unexplored. The reason for this gap is mainly due to the complex molecular structure 

of vegetable oils, which consist of various saturated and unsaturated fatty acids, different chain 

lengths and functional groups, complicating their electrochemical conversion. Kolbe 

electrolysis with mixed fatty acids is important to explore, since real world applications of 

Kolbe electrolysis involve complex mixtures rather than pure compounds. The successful 
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application in such scenarios could make Kolbe electrolysis a more versatile tool in renewable 

energy and bio-lubricant production. 

This research presents a foundational study of the electrochemical conversion of complex 

mixture of saturated and unsaturated fatty acids obtained directly from coconut oil, via Kolbe 

electrolysis. The study started from the KE electrolysis of lauric acid (C12H24O2), palmitic acid 

(C16H32O2) and their mixtures, advancing the process to the production of a wider range of 

hydrocarbons and other useful products. Both the fatty acids are very common in many 

vegetable oils. In this section, different reaction parameters, such as electrode material, current 

intensity, supporting electrolytes, solvent environments and electrolysis time were investigated 

to establish a basis for future studies with more complex fatty acid mixtures. 

To further proceed the research for hydrocarbon synthesis from renewable sources, the alkaline 

hydrolysis (saponification) of coconut oil was conducted, isolating series of individual fatty 

acids such as caprylic (C8H16O2), capric (C10H20O2), lauric (C12H24O2), myristic (C14H28O2), 

palmitic (C16H32O2) and oleic acids (C18H36O2). These mixtures of saturated and unsaturated 

fatty acids were then subjected to Kolbe electrolysis to produce a wider range of hydrocarbons 

and other useful products. The adaptability of Kolbe electrolysis in converting mixture of fatty 

acids profiles to useful products is emphasized in this phase. 

In addition, the thesis describes the synthesis of fatty acid methyl esters (FAME) or biodiesel 

using transesterification and electrolysis. A dual approach was used to enable a comprehensive 

comparison of yield and process efficiency. The key factors, including alcohol to oil ratio, 

reaction temperature, catalyst amount and voltage intensity were optimized to achieve 

maximum FAME production. The produced FAME and coconut oil was then used as a base 

oil for formulating bio-lubricants, blended with natural thickener, i.e., beeswax, to meet 

lubrication standards. Viscosity, thermal stability, lubricity and other critical parameters of the 

synthesized lubricants were detailed characterized. 

The industrial collaborative project was also part of the research to formulate biodegradable 

bentonite-based greases. In this phase, the first part of this study involved an extensive 

analytical study of different commercially available greases, after which a series of bentonite 

and lithium-based greasess were formulated. The physical and chemical properties of the 

bentonite-based lubricants were compared, and it was shown that the bentonite-based 

lubricants not only met, but in some cases exceeded, the performance of lithium-based 

lubricants, making them viable and sustainable alternatives. Finally, these greases were scaled 

to a 1 kg production level via a colloidal milling process for marketing purposes.  
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In conclusion, this work is a contribution to the application of Kolbe electrolysis to synthesize 

hydrocarbons from complex renewable resources. Despite the progress made, future work 

should concentrate on further improvement of electrode materials designed for the complex 

fatty acid mixtures, process parameter optimization, and techniques to increase yield and 

selectivity. This process needs to be further explored to see how scalable it is, especially in 

integrating mixed and industrial grade feedstocks, in order to make Kolbe electrolysis a 

realistic, sustainable fuel and lubricant production process. 
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Chapter 1 Introduction 

With the industrial revolution of the 18th century and advancements in machinery, there was a 

need for improved fuels and lubricants, and thus industries became dependent on oil-based 

products. Along with many applications, the petroleum-based liquids have been identified as a 

large source of greenhouse gas emissions and environmental pollution and their use likely 

contributes to global climate change and risk of ecological destruction [4]. With the 

geopolitical tensions, environmental concerns and fluctuation of oil prices, conventional fluid 

has been replaced by industries in the search for secure and sustainable alternatives. The 

concern for the environment and the exhaustion of fossil resources have revived the interest in 

bio-based fluids. In recent years, chemical engineering advancements have further facilitated 

the modification of bio-oils to enhance the performance and applications, especially in 

lubricants industry to be used in high temperature and high-pressure scenarios [5]. 

In the late 19th century, the mineral oils obtained from crude oil were used as lubricants 

because of their better performance under high temperature conditions. At the same time, the 

synthesis of hydrocarbons also started with the crude oil distillation, from which fuels such as 

kerosene and gasoline emerged and revolutionized transportation and industrial processes. 

With the passage of time, catalytic reforming and thermal cracking further enhanced the 

refining process which also enhance the production of hydrocarbon fuels and petrochemicals. 

Such developments in the hydrocarbon production increases their applications in the various 

fields like energy, plastic creation, synthetic fibers and pharmaceuticals [6].  

The hydrocarbon-based lubricants then mark a shift towards its use on industrial level because 

of their superior performance. Hydrocarbons having stable carbon-hydrogen bonds, high 

energy density and low chemical reactivity allowing them to undergo controlled combustion 

and synthetic transformations. Hydrocarbons specifically alkanes and iso-alkanes, provide the 

best viscosity, oxidative stability and thermal resistance for lubricants which are necessary to 

reduce friction, wear and thermal degradation in high performance applications. Because of 

better performance and consideration of environmental impacts, it was important to synthesize 

hydrocarbons from renewable sources rather than petroleum-based sources [7].   

For hydrocarbon production, a variety of techniques have been used, although each faces trade-

offs in efficiency, cost, and environmental impacts. For example, catalytic cracking breaks 

larger molecules into small chain hydrocarbons using lower energy but requires relatively 
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expensive catalysts. Hydrocracking involves adding hydrogen to the process, forming high 

quality fuels, but the process becomes very costly due to high pressure and high temperature 

demand [8]. Fischer–Tropsch synthesis converts syngas into liquid hydrocarbons, but the 

process is complex and capital intensive. Pyrolysis process converts organic waste into 

hydrocarbons but results in a variety of unwanted byproducts [9]. The Kolbe electrolysis 

among them is the most versatile bio-based technique, converting fatty acids into 

hydrocarbons, relies on bio-based feedstocks derived from animal and vegetable oils.  

Kolbe electrolysis discovered by Hermann Kolbe in 1849, for the formation of alkanes by the 

electrochemical decarboxylation of carboxylic acids. Early experiments were limited to low 

yields and restricting the method to small aliphatic acids. From the middle of the 20th century, 

the advancements in the process starts with focusing on electrode materials and controlled 

electrolytes for improving yields and efficiency. By the 1970s, various catalysts and electrolyte 

compositions were explored by researchers to better control the reaction and to scale up [10]. 

Interest in Kolbe electrolysis as a bio-based hydrocarbon production route was revived in the 

early 2000s with the rise of green chemistry principles [11]. Currently, Kolbe electrolysis is 

regarded as a potential way and the research continues to explore ways to increase efficiency 

and yield.  

Besides all these improvements,  still there are several obstacles in making Kolbe electrolysis 

commercially viable. Anodic passivation, where side products accumulate on the anode 

causing increased voltage needs and energy consumption [12]. Further, techno economic 

analysis is also needed to evaluate the potential to produce both Kolbe and non-Kolbe products, 

such as diesel like compounds. Efficient cell design and spacing of electrodes will be needed 

to facilitate the continuous process rather than batch processing [13]. Additionally, Kolbe 

electrolysis is shown to leverage excess renewable energy to maximize environmental and 

economic benefits. Finally, the application of KE to real feedstocks such as complex vegetable 

oils and biomass necessitates the choice of suitable solvents to overcome the problems 

presented by their structural complexity and solubility [14]. 

This thesis has the objectives to apply KE on the complex saturated and non-saturated fatty 

acids system from renewable source for the synthesis of long chain hydrocarbons. It also 

explores the synthesis of fatty acid methyl esters (FAME) from vegetable oils and their 

suitability as base oil for the synthesis of bio-lubricants.  Additionally, the thesis also explores 

the formulation of economic and fully biodegradable lubricants from renewable raw materials, 

fulfilling green chemistry principles.  
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1.1 Problem definition: 

The main research questions (RQ) that we tackle in this thesis is formulated as follows: 

RQ1: How to apply Kolbe electrolysis on the complex saturated and unsaturated fatty acid 

mixtures, obtained directly from renewable source to synthesize hydrocarbons. 

RQ2: How to use vegetable oil as a renewable source in the formulation of lubricants.  

RQ3: How to formulate the biodegradable and fully green bio-lubricants to obtain similar 

properties like commercially available synthetic lubricants. 

 

Based on these research questions, we identify the following research objectives (RO):  

RO1: Kolbe electrolysis of a single fatty acid (lauric acid) and mixture of two fatty acids (lauric 

acid and palmitic acid)  

RO2: Kolbe electrolysis of a complex mixture of saturated and unsaturated fatty acids 

(caprylic, capric, lauric, myristic, palmitic and oleic acids), obtained directly from coconut oil 

RO3: Electrolysis and transesterifications techniques for the synthesis of FAME 

RO4: Coconut oil and their FAMEs as a base oils and beeswax as a thickener for the 

formulation of lubricants 

RO5: Formulation of bentonite based fully green bio-lubricants; an alternative to the lithium-

based lubricants at industrial level 

Each RO is explained shortly in the contributions section below while detailed explanation is 

given in chapter 4-7: 

1.2 Contributions: 

By fulfilling the research objectives, the thesis presents the following four major contributions: 

Outcomes of RO1: In this part, lauric acid, palmitic acid and their mixtures were used as a 

substrate fatty acid for the Kolbe electrolysis. Both lauric and palmitic acids constitutes a major 

part of many vegetable oils. Different experimental conditions such as electrolysis time, current 

intensity, KOH as a supporting electrolyte, solvent environment and nature of electrodes were 

used to investigate the product yield%. Two types of electrodes were used i.e., commercial (Pt-

coated-copper, Au-coated-copper electrodes) and non-commercial Pt electrodes. During initial 

experiments on lauric acid, the degradation of commercial electrodes was observed and 

therefore, further all the experiments were conducted using non-commercial Pt-electrodes. 
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Using non-commercial Pt electrodes, the Kolbe electrolysis of individual lauric acid, individual 

palmitic acid and mixture of both fatty acids were conducted in order to optimize the best 

experimental conditions. The detail explanation of RO1 is given in chapter 4. 

Outcomes of RO2: Once the best experimental conditions were optimized from RO1, the 

process was continued to apply the Kolbe electrolysis on the complex mixture of saturated and 

unsaturated mixture of fatty acids obtained from renewable source. The purpose of this work 

was to open a pathway to apply directly the Kolbe electrolysis on the renewable source. For 

this purpose, coconut oil was used as a source to obtain the mixture of fatty acids as it is famous 

vegetable oil containing broad range of saturated and unsaturated fatty acids. In this part, first 

the base hydrolysis of oil was conducted to isolate the fatty acids. After isolation of fatty acids, 

the Kolbe electrolysis with different experimental conditions was conducted on the mixture of 

fatty acids to optimize best conditions. The experimental conditions obtained from RO1 were 

applied here to investigate the product distribution and dissociation of all the reactant fatty 

acids. The detail explanation of RO2 is given in chapter 5. 

Outcomes of RO3: In this part bio-lubricants are prepared from using coconut oil and their 

FAME as a base oil in combination with beeswax (BW) as a thickener. Initially the FAME was 

prepared through transesterification and electrolysis technique. The effect of oil/methanol ratio, 

reaction temperature, and current intensity was optimized to investigate higher yield and 

comparison. The prepared FAME was then used as a based oil with beeswax as a thickener to 

prepare bio-lubricants. Viscosity, thermal stability, lubricity and other critical parameters of 

the synthesized lubricants were then detailed characterized. The detail explanation of RO3 is 

given in chapter 6. 

Outcomes of RO4: This part of the research is the industrial collaborative part. In this part the 

bentonite-based lubricants are prepared as environmentally friendly alternatives to lithium-

based lubricants that are commonly used but environmentally taxing. Initially, a series of 

commercially available lithium-based lubricants were analyzed by different analytical 

techniques to collect extensive data. In the second step the bentonite-based lubricants and our 

own lithium-based lubricants were prepared and optimized different parameters. The physical 

and chemical properties of the bentonite-based lubricants were compared with the commercial 

lubricants. Finally, these lubricants were scaled to a 1 kg production level via a colloidal milling 

process for marketing purpose. The detail explanation of RO4 is given in chapter 7.
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Chapter 2 Bibliographic Research 

2.1 Green Fluids 

Green fluids are eco-friendly liquids formulated to minimize environmental impact while 

offering enhanced performance over traditional petroleum-based fluids. These are fluids 

derived from biological sources and are recognized for their environmentally friendly 

properties [15]. Green fluids signify a significant progress in both commercial and sustainable 

industrial practices. Traditional industrial fluids, particularly those derived from petroleum, 

have demonstrated considerable environmental risks, including the release of toxins, soil 

contamination, and water pollution. Consequently, the emergence of eco-friendly fluids began 

in the late 20th century, emphasizing sustainability and environmental issues [16].  

There are numerous uses for green fluids, and they play a significant role in protecting the 

environment by reducing pollution. Efficiency, safety, environmental preservation, and 

innovation in the sector are all areas in which they have made significant contributions, making 

them equally vital. Figure 2-1 shows many businesses that rely on green fluids due to their 

distinctive properties and practical uses. Green fluids, such as hydraulic oil and coolants, help 

to locate leakage. This observable identification allows for faster problem detection, which in 

turn minimizes damage and downtime. Also, by revealing subcellular or sub tissue structures 

in response to light, green fluorescent proteins (GFP) and associated markers contribute to the 

advancement of genetic and cell biology research [17].  

Green fluids exhibit a variety of types depending on their specific applications. The literature 

categorizes them into sustainable coolants, green solvents, industrial process fluids, and bio-

based lubricants [18]. The sustainable coolants can be categorized into bio-based antifreeze 

coolants and natural refrigerants. Bio-based antifreeze coolants are sustainable and eco-

friendly solutions derived from renewable sources such as plant glycols [19]. The components 

can include glycerin, organic additives, propylene glycol, and various natural corrosion 

inhibitors. The antifreeze solutions present multiple benefits, such as lower toxicity and 

enhanced biodegradability, rendering them appropriate for a range of applications. Dynalene 

BioGlycol serves as a non-toxic antifreeze coolant, being derived from corn, in contrast to 

ethylene glycol, a conventional coolant known for its high toxicity [19].  
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Figure 2-1: The uses of Green Fluids in different industries 

 

These coolants safeguard the cooling systems against corrosion and damage, hence extending 

their lifespan. These coolants are utilized in HVAC systems, automobile systems, industrial 

heat exchangers, and process cooling [20]. Natural refrigerants are inherently occurring 

chemicals utilized in refrigeration applications. They are significant because of their minimal 

detrimental effects on global warming. The prevalent varieties of these eco-friendly 

refrigerants are carbon dioxide (R-744), hydrocarbons (Propane R-290, Isobutane R-600a), 

water-based systems (R-718), and ammonia (R-717) [21].  

In contrast to traditional petroleum-based solvents, bio-alcohols such as bioethanol and 

biobutanol exhibit a reduced environmental impact and are renewable, hence gaining 

recognition as effective green solvents [22]. Their categories may encompass ethanol, butanol, 

propanol, and various mixed alcohols. Owing to their superior solubilities, they are utilized in 

industrial applications like adhesives, coatings, and paints. Bio-alcohols serve as solvents for 

many therapeutic formulations in the pharmaceutical and cosmetic industries [23].   

Industrial process fluids encompass metalworking fluids and hydraulic fluids. The term 

metalworking fluid refers to the category of liquids and oils utilized for lubricating metallic 

materials, such as machinery [24]. These oils and lubricants diminish heat and friction between 

the workpiece and cutting instruments, thereby preventing damage to the machinery. These 

oils also assist in eliminating swarf, chips, and fines from the tools, hence enhancing the quality 
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of the machined workpiece. Straight oils, synthetic fluids, semi-synthetic fluids, and soluble 

oils represent several categories of these lubricants [25].  

Hydraulic fluids represent the second category of industrial lubricants. These substances serve 

multiple purposes, including energy transmission, acting as sealants, lubricants, and coolants, 

while also facilitating the removal of contaminants. Hydraulics encompasses two main 

branches: hydrostatics and hydrodynamics. According to this classification, the oils utilized for 

hydrodynamic applications are referred to as energy gearbox oils [26]. The oils utilized for 

hydrostatic applications are classified as hydraulic oils. Hydraulic oils exhibit non-

compressible characteristics, attributed to their high pressures and low flow rates. Following 

engine oils, hydraulic oils represent the next most important category of lubricants. Stationary, 

mobile, and aircraft hydraulics represent the three primary subfields of hydraulics, indicating 

that each application necessitates a distinct hydraulic medium that meets its operational 

requirements [27]. Hydraulic oils enhance maintenance schedules and extend the lifespan of 

machinery by minimizing wear on equipment and components, while also conserving energy 

when utilized correctly. Examples of hydraulic oils include synthetic esters, triglycerides, 

polyglycol, and poly-alkylene glycol. The final category of lubricants is bio-based lubricants, 

which are considered to be the most efficient among all types [28].  

2.2 Biofuels 

Biofuel refers to liquid fuels and blended components derived from biomass, such as 

feedstocks. These fuels may encompass methane generated from biogas, hydrogen gas, and 

landfill gas derived from renewable sources [29]. Biofuels serve as a source for electricity 

generation and heating applications in the transportation sector. Consequently, they are referred 

to as transportation fuels [30]. These fuels serve as alternatives to fossil fuels. Biodiesel and 

bioethanol are the prevalent forms of biofuels. These substances are utilized in engines and are 

frequently blended with fossil fuels to reduce carbon emissions [31]. Nonetheless, it is 

commonly utilized as diesel to reduce the concentrations of hydrocarbons, particulate matter, 

and carbon monoxide in diesel vehicles. Conversely, bioethanol is generated through the 

fermentation of carbohydrates. Carbohydrates can be derived from starch crops such as 

sugarcane and maize. Cellulose biomass derived from trees and grass serves as a valuable 

feedstock for ethanol production [32].  
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Bioethanol can be utilized in its pure form for vehicles; however, it is predominantly blended 

with gasoline to improve the vehicle emissions. Biofuels hold significant importance and are 

categorized as green fluids due to their potential to lower greenhouse gas emissions [33]. Their 

role in the adsorption of CO2 is significant, contributing to the maintenance of CO2 balance in 

the environment. In contrast to fossil fuels, biofuels generate fewer harmful gas emissions into 

the atmosphere. These can be conveniently utilized in vessels, aircraft, and both light and 

heavy-duty trucks. These fuels do not contain sulfur or other harmful aromatic compounds 

[34]. 

2.2.1 Synthesis of Biofuels 

There are variety of methods explained in literature to produce biofuels like thermal cracking, 

pyrolysis, microalgae, electrolysis and transesterification. Thermal cracking is a process which 

involves thermochemical conversion via gasification [35]. Gasification is the incomplete 

combustion of feedstock and biomass in limited supply of air. Which consequently results in 

the formation of gaseous biofuel [36]. Pyrolysis involves the decomposition of biomass and 

feedstock at relatively high temperatures in an inert environment. This method results in the 

production of biofuel, and solid products. The solid product is known as biochar [37]. 

Microalgae process can also be used to produce biofuels which can have same properties as 

vegetable oils. The microalgae can adsorb the excess CO2 which is produced in the combustion 

process of biodiesel [38]. Transesterification involves the conversion of lipids into glycerol and 

biofuel [39]. Fermentation involves the use of metabolic activity of different microorganisms 

to produce biofuel [40]. Most of the biofuel is produced by using the transesterification process 

because it is the most economical method which requires low temperatures and pressures and 

can achieve about 98% conversion [29].  

2.2.2 Transesterification 

Biofuel production requires the use of oils or fats along with alcohol. In certain instances, 

catalysts are also present. Esterification and transesterification reactions can be utilized to 

produce biofuels, contingent upon the quality of oils and feedstock [39], [41]. The process of 

transesterification involves the use of a catalyst. This approach proves to be effective when the 

moisture, fatty acids, and phosphorus content of oils is below 0.1%. Potassium hydroxide 

(KOH), sodium methoxide (CH3ONa), and sodium hydroxide (NaOH) are the most frequently 

utilized catalysts in the transesterification process. Sodium methoxide stands out as a more 
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useful and effective catalyst; however, it comes with a higher cost. Methanol is the prevalent 

alcohol utilized for the conversion of oils and fats. It is flammable; therefore, it necessitates 

appropriate safety measures and handling procedures. The transesterification process 

necessitates an excess of methanol to shift the equilibrium, as it is a reversible reaction [42]. A 

general procedure as an example of biodiesel production process from waste cooking oil 

involves five key steps as shown in Figure 2-2. First, waste cooking oil (WCO) is filtered to 

remove impurities, followed by moisture removal to ensure proper processing. Free fatty acids 

are reduced, and the oil undergoes acid or base-catalyzed transesterification, resulting in the 

production of biodiesel [43]. 

Malabadi et al. highlighted that the process of transesterification for biofuel production is 

essential for producing biodiesel, a renewable energy source that has the potential to reduce 

reliance on fossil fuels and lessen environmental pollution. This chemical reaction entails the 

transformation of oils or fats into fatty acid methyl esters (FAME) through their interaction 

with alcohol, usually methanol or ethanol, facilitated by a catalyst. The effectiveness of this 

process is affected by the catalyst employed, which may be homogeneous, heterogeneous, or 

enzymatic in nature. Additionally, the process of producing biodiesel through 

transesterification entails the reaction of oil and alcohol with a catalyst, leading to the formation 

of fatty acid methyl esters (FAME). This approach improves yield and efficiency, tackling 

issues related to fossil fuel depletion and environmental pollution [44]. 

 

Figure 2-2: A step wise process of transesterification for Biofuel production from waste cooking 

oil 
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2.2.3 Electrolysis 

The biodiesel production process via electrolysis involves the use of a reactor where vegetable 

oil and methanol are combined with a suitable catalyst. A DC power supply generates an 

electric current between electrodes to drive the chemical reactions. The process ensures 

efficient mixing and reaction completion, leading to the production of biodiesel as shown in 

Figure 2-3.  

The production of biofuels via electrolysis represents a cutting-edge method that utilizes 

electrochemical processes to create biodiesel and various other biofuels from renewable 

sources. This approach has aroused interest because of its ability to improve yield and 

efficiency relative to conventional techniques. Recent studies indicate that the application of 

alkaline hydroxides and methoxides as catalysts can result in significant biodiesel production 

rates, reaching efficiencies of up to 97.11%. Electrolysis presents a promising approach to 

produce biofuels, particularly fatty acid methyl esters (FAME), utilizing alkaline hydroxides 

and methoxides as catalysts.  

 

Figure 2-3: A general representation of electrolysis process for biofuel production 

 

This method can attain significant biodiesel yields without the use of electrolytes, presenting a 

viable alternative to traditional transesterification techniques [46]. The author showcased 

electrolysis as a viable approach for biodiesel production, employing ionic liquids such as 1-

ethyl-3-methylimidazolium chloride to improve electrical conductivity. The investigation 

resulted in a peak biodiesel yield of 97.76% under optimized conditions, showcasing an 

effective and environmentally friendly production process [47].  
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Dhafir et al. detailed that the production of biodiesel through electrolysis encompasses 

esterification-transesterification processes utilizing alcohol and acid/base catalysts, while the 

use of platinum electrodes contributes to improved yield. The investigation revealed the highest 

biodiesel yield at 6 V (88.67%), with diverse physicochemical properties affected by varying 

voltages throughout the electrolysis process. He also studied investigates biodiesel production 

from palm oil and waste cooking oil via electrolysis, highlighting that electro-catalysts 

significantly enhance yields, achieving approximately 87% from waste cooking oil and 90% 

from palm oil, while meeting ASTM standards for quality [48].  

2.2.4 Sources of Biofuels 

Biodiesel feedstocks are categorized into three generations based on their origin and 

sustainability. First-generation sources come from edible materials, which may compete with 

food resources. Second-generation sources utilize non-edible materials, offering a more 

sustainable alternative without impacting the food supply. Third-generation sources focus on 

advanced and eco-friendly options, including waste materials and innovative biological 

sources, ensuring minimal environmental impact (Figure 2-4). 

The production of bioethanol entails the fermentation process of sugarcane and sugar beet. The 

process may additionally encompass the hydrolysis and fermentation of starchy crops. In 2012, 

the production of bioethanol derived from corn crops reached nearly 60 billion liters in the 

United States, establishing a significant presence in the global market [49]. The second 

dominant bioethanol is derived from sugarcane, with production reaching nearly 20 billion 

liters in Brazil in 2013. Various feedstocks have been evaluated for the production of 

bioethanol and biodiesel. For instance, sugar beet is utilized in the EU, while maize is employed 

in China, the US, and Brazil. In a similar vein, cassava has been utilized in Nigeria, Brazil, 

Indonesia, and Thailand for biofuel production. Oil crops serve as a valuable resource for 

biofuel production. The production involves the combination of oil extracts derived from seeds 

and oil-rich nuts via the transesterification process. In the United States, soybean oil is the most 

prevalent, while in the European Union, rapeseed oil takes precedence. Meanwhile, Malaysia 

and Indonesia are known for their production of palm and coconut oil [50]. 

A study indicates that the oil content is 21% in soybean and 35% in rapeseed [51]. The elevated 

oil content of 40% in palm oil has produced the greatest quantity of biofuel, nearing 5 tons per 

hectare, in comparison to other oils. For instance, soybean produced 0.52 tons and rapeseed 
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produced 1 ton per hectare [29]. Common sources of biofuels include sugarcane, animal fats, 

rice, canola oil, rapeseed oil, sunflower oil, soybean oil, corn oil, and palm oil [52].  

Vegetable oils represent a viable feedstock for biofuel production, motivated by the demand 

for sustainable energy solutions in light of fossil fuel depletion and environmental issues. Their 

biodegradability, renewability, and advantageous physicochemical properties position them as 

viable alternatives to conventional fossil fuels. Although edible oils are prevalent in biofuel 

production, there is a growing interest in non-edible oils because they present reduced 

competition for food resources and are more cost-effective [53]. Ghosh et al. reported that 

vegetable oil, especially pumpkin seed oil, serves as a viable alternative to diesel fuel. The 

trans-esterification process for refining vegetable oil is emphasized, while also considering 

potential engine-related complications that may arise from its unrestricted use [54].  

 

Figure 2-4: Different renewable sources for biofuel production 

 

Singh et al. reported a study on biofuel oil that discusses biodiesel production from vegetable 

oils derived from biomass vegetative tissues, highlighting their potential as renewable energy 

sources. This study explores different methods of oil extraction, the characteristics of these 

oils, and the advantages of utilizing vegetable oils for the production of sustainable biofuels 

[56]. Boas et al. examined the transesterification of vegetable oils, emphasizing their 
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application in biodiesel production. The focus is on the difficulties posed by elevated raw 

material costs and investigates non-edible sources as potential alternatives to lower production 

expenses without compromising the quality of biodiesel [57]. 

2.3 Bio-based lubricants  

Lubricants derived from bio-based raw materials, such vegetable oils, animal fats, or other 

environmentally benign, are designated as "bio-based lubricants" or "bio-lubricants". The 

manufacture of these lubricants yields numerous advantages, including enhanced health and 

environmental benefits, along with superior performance relative to traditional petroleum-

based lubricants. The initial biodegradable lubricants were effectively synthesized in the early 

1980s using neopentyl polyol esters as base fluids. This represented a significant alteration in 

the oil's structure by transforming it into an ester referred to as polyol ester [58], [59]. 

In contrast to mineral oils, bio-based lubricants demonstrate enhanced lubricity, elevated flash 

points, a high viscosity index, and robust shear resistance, while also being readily 

biodegradable and renewable. Nonetheless, not all lubricants derived from biological sources 

exhibit biodegradability. The degree of biodegradability is entirely contingent upon the 

materials utilized in synthesis and their specific formulation . The increasing demand for 

environmentally friendly and sustainable options across various applications is propelling the 

shift towards bio-based solutions. Bio-based lubricants are utilized in various applications, 

including machine tools, gear oils, metal forming, and chain lubricants .  

Bio-based lubricants furthermore comprise modified natural oils. Vegetable oils that have been 

altered physically or chemically to enhance their lubricating characteristics are referred to as 

modified natural oils. These modifications aim to improve specific attributes such as oxidative 

stability, viscosity, and low-temperature performance, so rendering them more suitable for 

industrial applications. The prevalent varieties of these oils comprise hydrogenated oils, trans-

esterified oils, and epoxide oils [60]. These lubricants provide enhanced stability and oxidation 

resistance. They demonstrate characteristics such as enhanced lubricity and elevated viscosity. 

High oleic soybean oil, derived from improved oilseeds, has superior oxidative and viscosity 

stability. They often biodegrade up to 70% within 28 days, enhancing their applicability for 

diverse uses, in contrast to petroleum-based oils, which degrade 15-35% over the same period 

[61]. These oils have numerous applications in pharmaceuticals, agriculture, and food 

processing owing to their diminished toxicity. Furthermore, they are more economical [62].  
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2.3.1 Sources of bio-based lubricants 

Vegetable oils serve as a valuable resource for the synthesis of bio-lubricants. The global 

production of vegetable oil has seen a positive rise in recent years, coinciding with 

advancements in agriculture. Triglyceride molecules constitute the molecular structure of all 

vegetable oils, which are fundamentally similar [63]. A triglyceride molecule typically 

comprises two primary components, a glycerol and fatty acids as shown in  Figure 2-5. The 

glycerol component consists of three interconnected hydroxyl groups, whereas the fatty acids 

portion is made up of long-chain saturated fatty acids that are linked to each hydroxyl group. 

In natural fatty acids, the hydrocarbon chain, with rare exceptions such as isovaleric acid, has 

an odd number of carbon atoms and thus naturally occurring fatty acids have an even total 

number of carbon atoms, usually between 12 and 22 [26]. Vegetable oils consist of three 

distinct types of natural fatty acids: polyunsaturated, monounsaturated, and saturated fatty 

acids. The primary fatty acids found in the oil composition influence the saturation level of 

vegetable oils. The presence of unsaturated fatty acids in these oils leads to suboptimal 

oxidation and thermal characteristics. Consequently, processes such as epoxidation, 

hydrogenation, and transesterification are implemented to reduce the level of unsaturation [60], 

[64].  

 

Figure 2-5: Structure of Triglycerides formed from glycerol and 3 fatty acids 
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Common sources of bio-lubricants derived from vegetable oils include sunflower oil, castor 

oil, canola oil, palm oil, and soybean oil [65]. The physiochemical properties of different oil 

sources for lubricants are presented in Table 2-1.  

 

Oil Viscosity Index Pour point °C Flash point °C Reference 

Palm oil 186 -5 263 [66] 

Coconut oil 159 22 320 [67] 

Sunflower oil 176 -18 332 [68] 

Jatropha 205 -6 186 [69] 

Rapeseed oil 220 -- 234 [70] 

Castor oil 220 -27 250 [71] 

 

Table 2-1: Physiochemical properties of different oils used in bio-lubricants 

 

Sunflower oil is derived from the seeds of Helianthus annuus. These seeds are prevalent in 

North America, where the moderate climate provides an ideal environment for sunflower 

cultivation. Sunflower oil exhibits a yellow hue and has a documented density of 0.934 kg/m3 

[28]. This oil consists of oleic acid (30-50%), linoleic acid (60-70%), palmitic acid (5-10%), 

and stearic acid (6-8%). Sunflower oil exhibits a significant viscosity attributed to elevated 

oleic acid content, an unsaturated fatty acid, while containing lower amounts of linoleic acids, 

which are inherently polyunsaturated fatty acids. This high-oleic sunflower oil demonstrates 

excellent thermal stability when exposed to elevated temperatures. This oil demonstrates 

effective lubrication and oxidative stability [72].  

Castor oil serves as a significant source of bio-based lubricants, derived from castor beans 

(Ricinius plant) [28]. The transesterification of castor oil yields innovative bio-based 

lubricants. This transesterification employs trimethylolpropane alongside lipase as 

biocatalysts. Castor oil is composed of 5.35% oleic acid, 82.48% ricinoleic acid, 7.01% linoleic 

acid, and 1.51% linolenic acid [73]. It exhibits lubricity at elevated temperatures and viscosity 

at reduced temperatures, rendering it ideal for racing engines and jets. Additionally, it finds use 

in various industries such as ink, coatings, and paints [74]. The canola oil plant is classified as 

a variety of rape seed plant. It has a low erucic acid content and a high nutritional profile.  

Jatropha oil is derived from Jatropha Curcas, known for its high seed production rate and 

utilized in the synthesis of lubricants because of its high fatty acid content [28], [75]. Coconut 

oil is characterized by a significant presence of saturated fatty acids (90-95%), which exhibit 
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slow oxidation processes. The derivatives have applications as a lubricant for transformers 

[76]. Palm oil is characterized by a significant presence of palmitic acid (60-70%) in addition 

to oleic acid (20-25%). The formation of lubricants leads to an impressive load carrying 

capacity [77]. The incorporation of soybean oil has the potential to enhance the flash points of 

lubricants, contributing to an extended lifespan of transformers. This renders it optimal for 

dielectric fluids [28]. 

2.3.2 Synthesis of bio-lubricants 

Five technologies are widely employed for the synthesis of bio-lubricants. These techniques 

may encompass transesterification, estolides synthesis, epoxidation, hydrolysis and 

hydrogenation. The specifics of each strategy are provided below.  

The initial approach is the two stage transesterification, described as the extraction of saturated 

fatty acids from vegetable oils [78]. In the first stage, triglycerides react with alcohol such as 

methanol or ethanol to produce another fatty acid methyl/ethyl esters (FAME/FAEE), also 

called biodiesel. Methanol is most preferred because of easy solubility of catalyst NaOH or 

KOH and fast reaction with triglycerides. The second step is the reaction of methyl esters with 

polyols to produce tri-esters, which are biolubricants. Heikal et al. employed a two-stage 

transesterification process to synthesize bio-lubricant from palm oil and Jatropha oil [79]. 

Initially, they generated biodiesel from palm oil and Jatropha oil. Methanol and potassium 

hydroxide were utilized as catalyst and alcohol in the first stage. In the second stage, biodiesel 

is permitted to react with trimethyl propane in the presence of a catalyst. Sodium methoxide 

serves as a catalyst for the conversion into bio-lubricant (trimethylolpropane ester). The 

experiment yielded 97.8% of palm oil-based bio-lubricant. The yield recorded for Jatropha oil 

bio-lubricant was 98.2% [79].  

The second technique involves the synthesis of estolides for the preparation of bio-lubricants, 

through the oligomerization of unsaturated fatty acids, where the alkene group reacts with the 

carboxylic group to form an ester bond. These estolides based lubricants  offer enhanced 

performance and environmental benefits because of their biodegradable nature. This process 

involves the use of acidic catalysts, such as H₂SO₄ or HClO₄. The use of HClO₄ can result in 

superior effectiveness in reducing carboxylic acid content and enhancing the stability of the 

resulting estolides [80]. The transformation of natural oil based fatty acids into estolides 

improves the oxidative stability and low-temperature performance of bio-lubricants. 
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Additionally, reaction conditions, including catalyst and reaction time, play an important role 

in the final properties. For instance, a higher estolides number contributes to improved 

oxidation stability and viscosity index, while shorter fatty acid chains enhance the pour point, 

making them suitable for diverse applications [81].  

The third technique is the utilization of epoxide groups in the preparation of bio-lubricants 

through the epoxidation process, which involves the reaction between a per-oxy acid and an 

alkene group. This process relies on various catalysts and reactants to enhance efficiency and 

performance [64]. For example, Somidi et al. utilized a MoO₃/Alumina catalyst to synthesize 

bio-lubricants from canola oil, with epoxidation requiring one hour for canola oil and thirty 

minutes for canola biodiesel [83]. Different catalysts, including lipase, clay, sodium ethoxide, 

and formic acid, have been employed to improve production rates and achieve better 

tribological properties in bio-lubricants. Among these, heterogeneous catalysts have proven 

more effective than homogeneous catalysts in bio-lubricant production, offering higher 

efficiency and improved outcomes [84].  

The fourth technique is the hydrolysis, which can be used for the formulation of bio-lubricants 

by enhancing the chemical and physical properties of vegetable oils. This process involves two 

main steps. First, water is added along with an appropriate enzyme, such as lipase, to initiate 

the reaction. In the second step, water, ester, and glycerol are separated through esterification, 

resulting in the production of fatty acids and other components [85]. Hydrolysis of triglycerides 

in castor oil produces ricinoleate and glycerol, while crude palm kernel oil undergoes 

hydrolysis to yield a higher proportion of free fatty acids. These fatty acids, such as oleic acid, 

palmitic acid, linoleic acid, stearic acid, and erucic acid, are key components of waste cooking 

oils and other feedstocks [86], [87]. For instance, the hydrolyzed product from palm kernel 

fatty acids demonstrates excellent properties, including a flash point of 320°C and a viscosity 

index of 154, making it suitable for bio-lubricant applications [88]. 

Hydrogenation can be used for the formulation of bio-lubricants by enhancing the oxidative 

stability and modifying the fatty acid composition of vegetable oils. This process involves 

incorporating hydrogen into oil using a catalyst, which increases the saturation of fatty acids 

while reducing the levels of unsaturated fatty acids [89]. In the hydrogenation process, linoleic 

acid is converted into cis-oleic acid, which is further transformed into oleic acid, contributing 

to the formation of fatty acids. Additionally, the transformation of cis-oleic acid into transforms 

and the conversion of cis-linoleic acid into trans configurations are observed during the process 
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[90]. Hydrogenation of vegetable oils such as sunflower and canola oil, using a palladium 

catalyst, results in the formation of monoene’s. This modification improves the physical and 

chemical properties of the oils, making them suitable for bio-lubricant applications [91]. 

2.3.3 Commercial synthetic bio-lubricants 

The catalogues of the United States Department of Agriculture (USDA) BioPreferred® and the 

European Union (EU) Ecolabel feature a limited selection of commercial bio-lubricants. For 

inclusion in bio-lubricants, a product must be both biodegradable and sourced from renewable 

materials, such as hydrocarbon-based bio-lubricants [92].  

2.3.4 Hydrocarbon based bio-lubricants 

Multiple pathways exist to produce lubricants derived from vegetable oils, commonly referred 

to as hydrocarbon-based bio-lubricants. Comprehensive mechanisms regarding the synthesis 

of bio-lubricants utilizing these strategies are documented in the literature. The primary 

methods for producing hydrocarbon-based bio lubricants are hydrotreatment and 

electrochemical decarboxylation via Kolbe electrolysis, which are widely recognized and 

utilized [93].  

Hydrocarbon bio-lubricants represent a sustainable alternative, originating from vegetable oil 

feedstocks. These materials exhibit greater biodegradability, thereby minimizing the potential 

for pollution. These materials originate from renewable sources, thereby minimizing their 

environmental impact. Their elevated lubricity can significantly improve machinery 

performance [93]. The elevated flash points of HBL serve to reduce the potential for fire 

hazards within industrial environments. The flash point of soybean is approximately 322 °C, 

which exceeds that of mineral oils [94]. 

Alternative methods for olefin production, including metathesis and the dehydration of fatty 

alcohols, are currently under investigation. Iso-alkanes within the C24–C50 range serve as 

examples of bio-based hydrocarbon lubricants. The molecular structure of iso-alkanes exhibits 

notable characteristics that render them appropriate for use as bio-lubricants. The absence of 

unsaturation sites and ester linkages leads to (1) remarkable stability; (2) outstanding cold flow 

properties due to alkyl branches; and (3) superior compatibility and interchangeability when 

compared to traditional petroleum-based lubrication systems, attributed to the absence of polar 

functional groups [95].  
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Organizations such as RSC Bio Solutions (United states) and Total (France) (BioLife Isane, 

Berylane) promote hydrocarbon bio-lubricants while not clearly disclosing the specific 

substances they include. Other businesses, such as Eni and Renewable Energy Group, Italy, 

have created technology for generating hydrocarbon bio-lubricants, but they are currently 

concentrating on the production of renewable diesel from vegetable oils. The production of 

hydrocarbons-based bio-lubricants and renewable diesel within an integrated biorefinery could 

prove advantageous moving forward. Hydrocarbon-based bio-lubricants are present in engine 

oils, gearbox fluids, hydraulic oils, greases and metalworking fluids [96]. 

2.4 Kolbe electrolysis 

Kolbe electrolysis is the most promising route due to its minimal operating conditions, low 

hydrogen consumption, and fewer steps compared to the hydrodeoxygenation (hydrotreatment) 

process. Kolbe electrolysis transforms fatty acids into alkanes, resulting in the production of 

CO2, with hydrogen generated as a byproduct. The process initiates with the hydrolysis of 

vegetable oil, yielding free fatty acids that are subsequently dissolved in suitable solvent, 

mostly the mixture of alcohol and water to produce hydrocarbons.  

Kolbe electrolysis represents a sustainable approach for producing hydrocarbon-based bio-

lubricants, utilizing carboxylic acids derived from biomass. In comparison to conventional 

methods, this process produces less harmful byproducts, thus helps to reduce the environmental 

effects. A diverse range of hydrocarbons can be generated, including those suitable for bio-

lubricants. These are gaining popularity due to their reduced environmental impact compared 

to synthetic lubricants and their biodegradable nature [97]. 

The formulation of the electrolyte entails dissolving sodium and potassium salts derived from 

carboxylic acid. This salt is essential for the electrochemical process to occur smoothly. The 

electrolytic cell serves as the apparatus for conducting the electrolysis process. The process's 

selectivity and efficiency necessitate a meticulous choice of electrode material, such as carbon 

or platinum. At the anode, carboxylate ions undergo oxidation through the application of 

electric current, resulting in the formation of alkyl radicals. These radicals subsequently 

combine to form hydrocarbons [92].  

Kolbe electrolysis can follow various reaction pathways [98].  
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Pathway I. The primary mechanism for generating symmetrical alkanes involves the 

dimerization of alkyl radicals. The example of Kolbe electrolysis of palmitic acid is shown in 

Scheme 2-1, representing all product formation through different pathways. 

Pathway II. The second way involves the disproportionation of radicals resulting in the 

formation of alkanes and alkenes.  

Pathway III. Alkyl radicals may occasionally undergo rearrangement to generate carbenium 

ions, which can subsequently react with nucleophiles, resulting in the formation of esters and 

alcohols (non-Kolbe product). This pathway may lead to the generation of olefins through alkyl 

radicals.  

Pathway IV. Radical coupling entails the interaction of diverse alkyl radicals. This pathway 

results in the creation of non-symmetrical alkanes.  

 

Scheme 2-1: Representation of different pathways of Kolbe electrolysis of palmitic acid 

(C16H32O2) 

2.4.1 Factors effecting Kolbe electrolysis 

A general Kolbe cell design is shown in Figure 2-6. Various factors may be responsible for 

the Kolbe electrolysis method. These factors can impact selectivity, effectiveness and results 

of the reaction. Details of these factors are given below:  
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Figure 2-6: General representation of Kolbe electrolysis cell 

2.4.2 Electrode material 

Electrodes play a crucial role in the Kolbe electrolysis process. They enable the transformation 

of carboxylic acid into hydrocarbons. The choice of electrode material can influence the 

selectivity and efficiency of the process. The oxidation process generates alkyl radicals on 

electrodes derived from carboxylate ions. The catalytic activity of an electrode is influenced 

by the material which is composed of; for instance, platinum electrodes are predominantly 

utilized because of their high redox potential and chemical stability. The products' selectivity 

is influenced by the electrode material [99], [100]. For instance, the behavior of alkyl radicals 

can vary, leading to dimerization or disproportionation, contingent upon the specific electrode 

employed. In a similar manner, the surface roughness of the electrode can either enhance or 

reduce the adsorption of reactants and intermediates, thereby influencing the reaction rates.  

During Kolbe reaction, the issue of passivation can occur in electrode materials which could 

arise from various factors. The application of coatings on products or other materials on the 

electrode can lead to passivation, consequently diminishing the electrodes' activity. In the 

process of oxidation during electrolysis, there is a possibility for the oxide layer to accumulate 

on the electrode material when subjected to elevated potentials. This fills the active sites and 

consequently diminishes the electrode's activity. Occasionally, by-products and other 

impurities can accumulate, leading to passivation. Furthermore, as time progresses, the 
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electrode material may experience degradation from corrosion and chemical processes, 

resulting in passivation and diminished activity of the electrode material [101].  

Different types of electrode materials, specifically platinum, platinized titanium (modified), 

graphite, and carbon-based electrodes, have been utilized in the Kolbe reaction. Olde 

Nordkamp et al. reported on platinum electrodes that enhance Kolbe electrolysis by 

suppressing oxygen evolution and promoting anodic decarboxylation. However, these 

electrodes may dissolve under high anodic potentials, which could impact their economic 

viability [100]. Furthermore, they reported an association between in situ and ex situ surface 

techniques, indicating that acetate ions restrict the formation of passive oxide layers 

(passivation of the electrode at elevated anodic potential and in an aqueous electrolyte) on the 

electrode surface (in this instance, platinum was used as the electrode). The issue at hand was 

the dissolution of Pt; to address this, both active and alternative materials are necessary.  

In another study, Zhang et al. investigated the most common electrodes used in the Kolbe 

reaction, specifically platinum and graphite. Both electrodes demonstrated effectiveness in the 

reaction, albeit through different pathways and kinetics, attributed to their distinct preference 

mechanisms in Kolbe electrolysis. Research indicates that Pt demonstrates superior efficiency 

and facilitates decarboxylation more effectively on its surface compared to graphite [102]. 

Neubert et al. investigated the platinization of titanium, achieving a high CE percentage of 

93.1% for n-hexanoic degradation. The study indicated that the modified electrode material 

demonstrates enhanced performance in the Kolbe reaction, nearing the performance levels of 

pure Pt electrodes [103]. Liu et al. reported on the use of a Pt electrode for Kolbe electrolysis 

of acetic acid (Pt anode), noting that the passivation of the Pt surface through oxidation reduces 

the adsorption of species involved in the Kolbe reaction. The decarboxylation step 

demonstrates the activity of the Kolbe product while inhibiting the oxygen evolution reaction 

[98]. 

Liu et al. investigated on the amorphous RuO2 catalyst material in the context of the Kolbe 

reaction. The hydrothermally synthesized amorphous RuO2 catalyst demonstrated significant 

efficacy in the decarboxylation of hexanoic acid, facilitating both oxidation and alkane 

dimerization. Notably, this process on the electrode surface yields the Kolbe product [104]. 

Neubert and colleagues investigated the use of platinized titania and nickel as anodes for the 

electrolysis of acetic acid. The study compares platinized titania and nickel electrodes with 

pure Pt foil electrodes, revealing that electrode performance is substrate specific and requires 

high selectivity for the Kolbe reaction [103]. Layers of electrode passivation and platinized 

titania along with nickel electrodes are referenced in Figure 4 [100]. This illustrates the 
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mechanism and passivation effect of acetate on the electrode surface, along with a comparison 

of modified platinum and nickel electrodes in electrolysis. 

 

Figure 2-7: a) Pt electrode surface during Kolbe electrolysis of acetic acid (passivation) b) 

Platinized titania (modified Pt) and nickel as anode in Kolbe electrolysis 

2.4.3 Current intensity/Voltage 

The effectiveness and precision of the electrochemical process are influenced by the 

measurements of current intensity and voltage. Modifying these parameters can influence the 

Kolbe electrochemical process [103]. For instance, a high intensity of current can ultimately 

accelerate the oxidation rate at the anode and the reduction at the cathode, thereby enhancing 

the flow of electrons, which leads to the rapid formation of hydrocarbon bio-lubricants. The 

rapid formation of the product subsequently results in substantial product yields. Nonetheless, 

elevated current intensity can lead to side reactions that may compromise the selectivity of the 

intended product. In a similar manner, elevated voltage can enhance the generation of specific 

products. High voltage can lead to the occurrence of undesired side reactions. The influence of 

high voltage extends to the overall reaction kinetics and the dispersion of products.  

The influence of current density and potential on Kolbe electrolysis is significant, affecting 

several parameters including product distribution, efficiency, and reaction pathways. The 

electrochemical environment for reaction is directed by current density and potential, which in 

turn influences the specificity and selectivity of the involved reactions. The variation of current 
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density indicates that lower current densities, such as 25 mA/cm², promote the formation of 

Kolbe products [104].  

Liu et al. reported a study indicating that high anodic potentials result in large Tafel slopes and 

inflection zones, whereas low potentials may enhance the adsorption strength of carboxylic 

species. This may significantly influence Kolbe product formation [96].  Ze Sun et al. 

investigated magnesium electrolysis, showing that an increase in current intensity has minimal 

effect on voltage, whereas structural constraints significantly affect resistance voltage. The 

study does not specifically address Kolbe electrolysis. Furthermore, a linear relationship exists 

between the voltage and the thicknesses of the electrodes (both anode and cathode). The 

working height of the anode and cathode significantly influences the voltage [105]. 

Halford et al. discussed in their own study the advancements in Kolbe electrolysis. High current 

intensity generates robust oxidizing conditions that can potentially eliminate various functional 

groups. Conversely, recent studies indicate that low current intensity facilitates a more subtle 

and practical method for the coupling of carboxylates [106]. Furthermore, the elevated current 

density in Kolbe electrolysis, aimed at producing the desired product under specific conditions, 

resulted in amorphous carbon-based electrode passivation due to the formation of an oxide 

layer, ultimately leading to diminished selectivity. Low current intensity offers flexibility for 

enhanced substrate (not passivated) and significantly improved chemo-selectivity, particularly 

with the reverse alternate polarity waveform [107]. A subsequent investigation demonstrated 

that varying current and voltage intensities in Kolbe electrolysis influence reaction efficiency 

and selectivity, with rapid alternating polarity enhancing chemo-selectivity and 

accommodating a broader spectrum of functional groups [107]. Moreover, Forschner et al. 

presented findings on the electrolysis study, highlighting that in Kolbe electrolysis, the current 

density significantly impacts the reaction rate and the formation of final products, whereas the 

actual voltage primarily influences electrolyte resistance. This study demonstrates that the 

application of an external potential difference between two electrodes results in a voltage drop 

across an ion-conducting electrolyte. This decline is primarily significant in poorly conducting 

electrolytes and under high current conditions. The estimation of electrolytic potential is 

pertinent in the field of electrochemistry, including areas such as bipolar electrochemistry, 

ohmic microscopy, and contact glow discharge electrolysis [108]. 
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2.4.4 Solvent Environment 

The solvent environment significantly influences the overall selectivity and efficiency of the 

Kolbe reactions. To enhance the solubility of the reactants and products, the traditional Kolbe 

method utilizes organic solvent [109]. Nonetheless, these solvents present both financial and 

toxicological challenges, complicating the product separation process. The recent 

developments eliminate the necessity for organic solvents in Kolbe’s method. Currently, Kolbe 

electrolysis can occur in aqueous conditions [110]. The conductivity of the solvent is a crucial 

factor in electrolysis. Superior conductivity during electrolysis results in enhanced reaction 

rates and boosts the overall efficiency of the process. Solvent environments can also exert an 

influence on reaction pathways. The presence of water can lead to the formation of hydroxyl 

radicals. These radicals have the potential to initiate side reactions that can affect the overall 

productivity of the reaction, leading to the generation of intermediates. Hydrocarbons can be 

readily separated into aqueous solvents instead of organic solvents, aligning with the principles 

of green chemistry [111].  

The influence of solvent on Kolbe electrolysis is significant, potentially impacting product 

selectivity, efficiency, and the overall results of the reaction. Recent studies have explored the 

impact of various solvents on the electrochemical performance and product delivery in the 

Kolbe electrolysis process. The integration of Kolbe electrolysis with microbial processes in 

solvents like isopropanol resulted in elevated carbon and Coulombic efficiencies, underscoring 

the significance of the solvent in enhancing the overall performance of the method [112]. 

Chichina et al. published a report examining various solvent environments, highlighting the 

significant influence of solvents on the reactivity and polarization curves in Kolbe electrolysis 

using non-aqueous solvents. Non-aqueous solvents favored dimerization and influenced the 

adsorption of species on electrode surfaces. The Kolbe synthesis with two per-fluorinated oxa 

acids, perfluoro-3,7-dioxa-2-methyloctanoic and perfluoro tetrahydro-α-furylacetic, was 

studied volta-metrically on bare platinum (Pt) and glassy carbon anodes in water/acetonitrile 

and methanol/acetonitrile solvent system. The influence exerted on the process by the 

concentration of acid, degree of neutralization, and the solvent was examined. The solvent-

anode system demonstrates a segregating influence on the reactivity of perfluorinated acids 

during the Kolbe electrolysis synthesis process [113]. 

Stanescu et al. conducted a study that revealed solvents with low dielectric constants promote 

carbonation in the Kolbe–Schmitt reaction, thereby stabilizing reactive species and enhancing 

yields. Nonetheless, polar solvents play a crucial role in influencing thermodynamic properties 
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and solvation energies, which in turn affect reaction rates and equilibrium behavior. In a similar 

way, certain solvents promote uniformity in the reaction mixture and may enhance the reaction 

rate of the Kolbe–Schmitt reaction. This study aims to connect empirical observations with an 

in-silico analysis of the Kolbe–Schmitt reaction mechanism through density functional 

methods and to explore the solvent effects on this reaction [114]. 

Additionally, Waldvogel et al. discussed various solvents in Kolbe electrolysis, highlighting 

their impact on parameters like product selectivity and reaction pathways, as noted in previous 

reports. Protic solvents enhance Kolbe dimerization, whereas dipolar/aprotic solvents support 

non-Kolbe processes. The characteristics of the solvent, including its acidity and dielectric 

constant, significantly influence the electrochemical results. The role of solvent control in 

electro-organic conversions is often undervalued in preparation-scale electrolysis. This 

straightforward electrolytic approach in fluorinated solvents facilitates the adjustment of the 

substrate's nucleophilicity and the stabilization of both the intermediates and the final product 

against over-oxidation [115]. 

Hioki et al. reported in their work the role of acetone as an unconventional reaction solvent in 

Kolbe electrolysis, which mitigates restrictions by altering the local pH around the electrodes, 

hence boosting the reaction's efficiency and functional compatibility. Acetone plays a crucial 

role in the efficacy of the reaction, especially regarding the recently introduced waveform-

controlled electrosynthesis. The authors propose that the selection of solvent may affect the 

local pH surrounding the electrodes during electrolysis. The control of pH is essential as it 

influences the decarboxylative oxidation process, which is fundamental to the Kolbe reaction. 

The solvent effect is related to the overall compatibility of different functional groups in the 

Kolbe reaction. Acetone's capacity to stabilize certain intermediates or transition states may 

facilitate the utilization of a broader array of substrates without experiencing competing 

oxidation, a prevalent challenge in conventional Kolbe electrolysis [107]. 

2.4.5 Electrolysis time 

Another significant aspect is the duration of electrolysis, which can influence the Kolbe 

electrolysis method. Extended electrolysis can lead to the generation of targeted products. 

Extended oxidation of carboxylate ions leads to an increased yield of the desired products. 

Nevertheless, it is essential to maintain balance, as excessive duration can frequently lead to 

the generation of byproducts [95].  
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The duration of electrolysis can influence the properties of the electrode material. Extended 

durations may lead to the degradation of the electrode surface, particularly under high current 

intensities. This decline subsequently results in the passivation of the electrode material. The 

number of radicals is also influenced by the duration of electrolysis. Prolonged exposure leads 

to the generation of additional alkyl radicals, thereby enhancing the likelihood of dimerization 

to form higher hydrocarbons. Determining the optimal duration of electrolysis is essential for 

enhancing product output while minimizing side effects and electrode degradation [116].  

The duration of electrolysis plays a crucial role in Kolbe electrolysis, affecting multiple aspects 

such as the distribution of Kolbe products, the selectivity of the process, and overall efficiency. 

Recent reports suggest that adjusting electrolysis time could improve the conversion of 

carboxylic acids into hydrocarbon products, with specific parameters affecting the outcomes. 

Increasing current densities (up to 0.6 A/cm2) could enhance the reaction rate, while extended 

electrolysis durations might result in diminishing returns in product yield due to side reactions. 

Nordkamp et al. observed that prolonged electrolysis of acetate at basic pH led to a decrease in 

faradaic effectiveness towards ethane, which was offset by the production of alcohols like 

methanol. This indicates that the duration of electrolysis significantly influences product 

selectivity in Kolbe electrolysis. The duration of electrolysis influenced the faradaic efficiency 

of the Kolbe electrolysis reaction. The prolonged electrolysis of acetate under basic pH 

conditions results in a reduction in the efficiency of ethane production. This can be linked to 

the generation of methanol as a compensatory byproduct, suggesting a change in selectivity as 

time progresses. The surface of the platinum (Pt) electrode undergoes alterations during 

extended electrolysis. An oxidized Pt surface exhibits distinct interactions with the electrolyte, 

potentially impacting the selectivity of the reaction. The presence of bicarbonate and carbonate 

ions on the oxidized surface modifies the reaction pathways, resulting in varied product 

distributions over time [117] 

2.4.6 Supporting electrolytes  

Enhancing conductivity is a fundamental aspect of Kolbe electrolysis, achievable using 

supporting electrolytes. Supporting electrolytes may increase the ion transport thus increasing 

the conductivity [117]. The allocation of products is influenced by the density of auxiliary 

materials. For instance, investigations have shown that employing sodium sulfate as a 

supporting electrolyte could improve the yield, while utilizing potassium nitrate might decrease 

the columbic efficiency and elevate the energy demand. The use of supporting electrolytes to 
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stabilize intermediates has the potential to enhance reaction kinetics [118]. In a similar way, 

supporting electrolytes may occasionally impede the formation of unwanted products. This has 

the potential to enhance the selectivity of the reaction [109]. 

The presence of supporting electrolytes is crucial in electrochemical reactions, such as Kolbe 

electrolysis. These electrolytes facilitate the preservation of electrical conductivity within the 

solution. Their provision of ions facilitates charge movement, which is essential for the 

efficient occurrence of electrochemical processes. The impact of supporting electrolytes on 

Kolbe electrolysis is significant, as it can affect the distribution of reaction products, the 

efficiency of the reaction, and the overall electrochemical activity. Numerous investigations 

underscore the critical significance of this aspect, where the type and concentration of 

supporting electrolytes can influence the reaction dynamics, especially through the interaction 

of cations with the electrode surface.  

Stang and Harnisch released a report that examines the advantages and disadvantages of 

different supporting electrolytes. For instance, KNO3 was found to reduce CE, while Na2SO4 

was shown to enhance time yields. The findings indicate that the choice of electrolytes can be 

customized according to objectives in the electro-organic synthesis process. The supporting 

electrolyte influences both the efficiency, and the composition of the products generated during 

the electrolysis process. Variations in electrolytes can result in diverse product outcomes, 

which is crucial for enhancing the desired results in electro-organic synthesis.  

Ahmadpour et al. employed multivariate curve resolution alternative least squares for current 

deconvolution, utilizing various types of supporting electrolytes including KCl, NaCl, KF, 

NaF, KBr, NaBr, KOH, NaOH, KNO3, and NaNO3, among others. The investigation further 

examines the impact of the type and concentration of supporting electrolytes on charging 

currents in electrochemical processes, including Kolbe electrolysis. It affects reaction 

efficiency and product distribution by altering ionic strength and conductivity within the 

electrochemical cell [119]. 

Different alkali metal cations (Li+, Na+, K+, Cs+) exhibit distinct influences on Kolbe 

electrolysis, with K+ demonstrating the most advantageous outcomes regarding product 

selectivity and electrochemical activity. The findings suggest that the selectivity of Kolbe 

electrolysis is affected by multiple factors, such as the choice of supporting electrolyte. The 

presence of alkali metal cations specifically influences product distribution and overall 

electrochemical activity during the electrooxidation of acetic acid. Supporting electrolytes are 

crucial in Kolbe electrolysis as they affect reaction conditions, product distribution, and the 

overall electrochemical activity through their interactions with alkali metal cations [104]. 
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Ashraf et al. investigated the influence of supporting electrolytes, particularly monovalent 

alkali cations, and evaluated their performance with platinum (Pt) electrodes in the context of 

Kolbe electrolysis of acetic acid. The findings indicate a significant importance of 

electrochemical performance related to the type of alkali cation utilized as a supporting 

electrolyte. The analyzed trend was Li⁺ < Na⁺ < K⁺ ~ Cs⁺, indicating that each alkali cation 

affects the efficiency of the electrolysis process over a wide pH range. The presence of Li⁺ and 

Na⁺ alkali cations significantly promote the oxygen evolution reaction (OER), which competes 

with the favored Kolbe oxidation. The observed competition diminishes the selectivity of the 

Kolbe reaction, indicating that selecting the appropriate supporting electrolyte is essential for 

enhancing the targeted electrochemical reaction. Another observation indicates that Li⁺ may 

improve the dissolution of electrodes (Pt), potentially influencing the performance of the 

electrodes. This aspect emphasizes the significance of comprehending the interactions between 

various cations and the electrode material [120]. 
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Chapter 3 Materials and Characterizations 

In this chapter it is presented the materials and instrumentations employed for the physical and 

chemical characterizations of the vegetable oils, the products obtained after Kolbe electrolysis 

and all the commercial and synthesized lubricants. It is important to mention that methodology 

and experimental setup of each process is explained in the specific chapter.  

The section 3.1 is divided in subparagraphs, each one presenting a list of the materials used for 

the studies developed during the Ph.D. research. Furthermore, the characterization techniques 

applied for all research are described in detail at section 3.2. 

3.1 Materials 

In the following subparagraphs a list of all materials used in this thesis is reported. These 

materials were divided according to the study they were employed. All chemicals reported here 

were used as received, without further purifications. 

3.1.1 Kolbe electrolysis of a single fatty acid and mixture of two fatty acids 

Lauric acid (n-dodecanoic acid, C12H24O2, 97 %, white powder), palmitic acid (hexadecanoic 

acid, C16H32O2, 97 %, white scales), potassium hydroxide (KOH, 97 %), ethyl acetate (99.5%) 

methanol (MeOH, 99.5%), ethanol (EtOH, 99.5%), hexane (n-hexane, 99.5%) and 

hydrochloric acid (HCl, 39%) were used as purchased (Sigma-Aldrich). Distilled water was 

used in all the experiments.  

3.1.2 Kolbe electrolysis of a complex mixture of derived from from coconut oil 

Coconut oil (purchased from OLDFOOD S.r.l, Italy), potassium hydroxide (KOH, 97%), ethyl 

acetate (99.5%) methanol (MeOH, 99.5%), ethanol (EtOH, 99.5%), hydrochloric acid (HCl, 

39%), were used as purchased (Sigma-Aldrich). Distilled water was used in all the experiments.  
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3.1.3 Kolbe electrolysis of a complex mixture of derived from from palm oil 

Palm oil (purchased from OLDFOOD S.r.l, Italy), potassium hydroxide (KOH, 97%), ethyl 

acetate (99.5%) methanol (MeOH, 99.5%), ethanol (EtOH, 99.5%), hydrochloric acid (HCl, 

39%), were used as purchased (Sigma-Aldrich). Distilled water was used in all the experiments. 

3.1.4 Formulation of lubricants from coconut oil and fatty acid methyl esters (FAME) 

Coconut oil (purchased from OLDFOOD S.r.l, Italy), beeswax (purchased from Tooget S.r.l 

99%), potassium hydroxide (KOH, 97%), ethanol (EtOH, 99.5%) and methanol (MeOH, 

99.5%) were used as purchased (Sigma-Aldrich).  

3.1.5 Formulation of bentonite and lithium-based lubricants 

This part is related to the research activities performed in company (Bellini S. P. A). Bentonite 

clays, unsaturated vegetable oil, propylene carbonate, 12-hydroxystearic acid (12-HSA), 

azelaic acid, lithium hydroxide (LiOH) was used as purchased. Distilled water was used in all 

the experiments.  

3.2 Characterizations  

In the following subparagraphs all the characterizations used for the analysis of all the samples 

and products are discussed. 

3.2.1 Gass Chromatography Mass Spectrometry (GC/MS) 

The GC/MS analysis was performed to investigate the product distribution and their 

percentages after the electrolysis experiments. The analysis was performed on an Agilent 6850 

chromatography instrument equipped with an Agilent 5975N mass spectrometer.  

3.2.2 Scanning Electron Microscopy 

The morphology of the commercial and non-commercial electrodes was studied using an EVO 

15 scanning electron microscope (SEM) from Zeiss (Oberkochen, Germany), coupled with an 

Ultim Max 40 energy dispersive X-ray (EDX) microanalyzer by Oxford Instruments (High 

Wycombe, UK). The samples were analysed using a secondary electron detector, with energy 
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set at 20.00 kV, at different four different magnifications (250 X, 1000 X, 2500 X and 10000 

X). 

3.2.3 Consistency measurement (Penetrometer): 

The consistency or hardness of lubricants were determined by using penetrometer. The 

consistency was measured by determining the penetration depth of a standardized cone (mass 

and geometry defined by ASTM D217) into the grease sample at room temperature. The cone 

was released for 5 seconds, and the penetration depth was recorded in 0.1 mm unit using a 

digital readout to measure the consistency of materials. The penetration value was then related 

to National Lubricating Grease Institute (NLGI) levels to determine the hardness of the grease.  

3.2.4 RSSOT (Rapid Small Scale Oxidation Test) 

The oxidation stability of all the lubricants were determined by using Rapid Small Scale 

Oxidation test (RSSOT). The oxidative stability of the sample was determined by exposing it 

to pure oxygen at a pressure of 700kPa and target temperature of 140°C starting at 25°C in a 

closed vessel. The sample container was equipped with pressure sensitive transducer to monitor 

consumption of oxygen. The stopping criteria of the test was 10% pressure drop as per ASTM 

D7525, and the cooling temperature of the system was 30°C. 

3.2.5 Rheology and viscoelastic properties of lubricants (Rheometer) 

Anton-Par Rheometer instruments was used for determining the rheological, viscoelastic 

properties and flow behaviour of all lubricants. Following four types of tests were conducted 

using rheometer instrument: (a) Viscosity vs temperature, (b) storage modulus/loss modulus vs 

shear stress, (c) flow test (shear stress vs shear rate, viscosity vs shear rate) and  (d) tack test. 

For viscosity vs temperature test the samples were tested at a temperature range of 0°C to 80°C. 

For flow behaviour test two different sizes cone-plates (25 and 50 mm diameter) were used to 

measure shear force. Different instrumental conditions were applied like torque sensors (0.5 

nNm to 230 mNm) by varying shear rates and normal force with a range of -50 N to +50 N to 

investigate viscoelastic behaviour, yield stress determination, flow behaviour and thixotropy, 

temperature sensitivity and performance. Tack test was conducted to investigate the ability of 

grease to adhere to surfaces under separation, where motion can cause lubricant displacement. 
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The normal force required to separate surfaces with a consistent layer of grease was measured 

against the increasing gap, providing insights into the adhesive properties of the tested greases. 

3.2.6 X-Ray Fluorescence Spectroscopy (XRF) 

The Thermo Fisher Scientific XRF instrument was used for determining the elemental 

composition of the electrodes used in the electrolysis experiments and commercial lubricants 

to gain an insight study. The X-ray source used was operated at a 40 kV voltage and a 50mA 

of current. A silicon drift detector operated with an energy resolution of 125eV was used to 

catch the emitted X-rays. The instrument was configured to analyze 10% lubricant liquid 

solution samples.  

3.2.7 Atomic Emission Spectroscopy (AES):  

Atomic emission spectroscopy (AES, AES Spectrometer, Perkin Elmer, Waltham, MA, USA) 

was used to determine elemental composition of commercial lubricants. The measurements 

were performed at 251.611 nm.  

3.2.8 Tribometer test 

Ball-on-plate tribometer tests (a type of tribological test) was used to investigate the friction 

and wear characteristics of lubricating materials. In these tests a spherical ball is brought into 

contact with a flat plate, providing the sliding contact between two surfaces typically under 

controlled conditions of force, speed, and temperature. In our experiments, the samples were 

checked under specified condition including steel plate, test run of 1 hour, an applied force of 

23 N, rotation of 200 and 500 rpm and a temperature of 75°C. After completion of the 

tribometer tests, the coefficient of friction vs time and scar diameter was analysed. The scar 

diameter was analysed by using optical microscope
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Chapter 4 Kolbe electrolysis of single and mixture of fatty acids 

In this chapter, the Kolbe electrolysis of lauric acid, palmitic acid and the mixture of both lauric 

and palmitic acid in (1:1) are presented, aiming to investigate the effect of different 

experimental parameters like current intensity, supporting electrolyte, solvent environment, 

electrolysis time and nature of electrode on the product formation. Before the description of 

the experimental part and discussion of the main results, short highlights of the research 

activities and an introduction about the Kolbe electrolysis is presented. Materials and 

instrumentations for characterization were reported in the previous chapter. 

4.1 Highlights of research activities: 

This chapter contains the following research activities. 

(a) Kolbe electrolysis of lauric acid using commercial platinum-coated-copper (Pt-coated-

Cu) electrode and gold-coated-copper (Au-coated-Cu) electrode 

(b) Investigation of degradation platinum-coated-copper electrode and gold-coated-copper 

electrode during electrolysis experiments 

(c) Kolbe electrolysis of individual lauric acid and palmitic acid using non-commercial 

platinum electrode and optimization of experimental parameters 

(d) Kolbe electrolysis of mixture of lauric acid and palmitic acid (1:1) and investigation of 

the products trends 

4.2 Introduction: 

In 1849 Adolf Wilhelm Hermann Kolbe (frequently shortened to H. Kolbe) first  obtained the 

synthesis of hydrocarbons by electrolysis [121]. He proposed the synthesis of ethane from 

acetic acid through electrolysis as shown in Figure 4-1, offering an alternative to traditional 

production methods. The process involves the anodic oxidation of carboxylate to form a 

radical, commonly referred to as the "Kolbe reaction" or "Kolbe electrolysis" [122].  
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Figure 4-1: Electrochemical decarboxylation-dimerization of carboxylic acids, where R = methyl 

group 

 

With the further improvements by many researchers, the Kolbe electrolysis now considered as 

an environmentally friendly pathway to produce alkanes because it can be conducted in 

aqueous solutions and at room temperature. Until now, many studies on the experimental 

conditions of the Kolbe electrolysis reaction have been carried out for tuning the yield and 

selectivity of the specific reaction pathway. The concentration of fatty acid, current density, 

electrode material, temperature, solvent nature and pH value are found to have a broad effect 

on the selectivity of the products. 

Many researchers utilize the Kolbe electrolysis for many different applications, especially on 

the electrolysis of bio-resources into chemicals. For example, T. R. dos Santos investigated the 

conversion of fatty acids and triglycerides in organic and aqueous solvents into ether and 

olefins [123]. Meyers et al., investigated the Kolbe electrolysis of 3-hydroxy-decanoic acid into 

diesel like fuels [124].  Joschka Holzhäuser investigated the direct electrocatalytic conversion 

of lignocellulose biomass for fuel production [125]. Nilges et al., used two-step electrochemical 

conversion to produce octane as a fuel from levulinic acid through valeric acid [126]. 

Despite significant advancements in Kolbe electrolysis, certain aspects still require further 

improvements. A common limitation in the electrochemical conversion of biomass feedstock 

into useful products is the challenge of their solubility. Therefore, a recent trend in the Kolbe 

electrolysis is to use the process in combination with biological, chemical or thermal 

pretreatment processes for the conversion of biomass into useful chemicals and biofuels. 

Recently, C. Urban et al successfully proved the conversion of corn beer to a hydrocarbon 

mixture as a drop-in-fuel by using combined microbial and electrolysis methods [127]. The 

second challenge for the direct electrochemical conversion of biomass is its complex structure 

and understanding of their electrolysis mechanism. Therefore, it is important to ensure and 

understand the contact between substrate and electrode for the efficient conversion. A very 

important work for understanding the mechanism of homo- and hetero-coupling of bio-based 
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mixture of fatty acids providing full detail of electrons transfers and product formation is done 

by K. Neubert [128].  

This study describes the Kolbe electrolysis of single long-chain carboxylic acids (lauric and 

palmitic acids) that are the essential parts of different vegetable oils. Lauric acid is the main 

constituent of coconut oil (45,4 g/100 g f.a.tot, where f.a.tot is the total of fatty acids) and of 

palm-kernel oil (46,9 g/100 g f.a.tot). Palmitic acid constitutes 40,1 g/100 g f.a.tot of palm oil 

[129]. These acids are commonly obtained from vegetable oils through different techniques, 

and thereof the electrolysis on the mixture of these carboxylic acids is also performed and 

explained. Hence, using the mixture of carboxylic acids can be a representative for the 

implementation of Kolbe electrolysis on complex fatty acid system. The electrolysis of single 

and mixture of carboxylic acids were conducted to produce long chain hydrocarbons as a result 

of homo- and hetero-coupling of radicals, which have many industrial applications like diesel 

and heavy fuel production, waxes and lubricants, pharmaceutical and agrochemicals etc. The 

effect of different parameters on the electrolysis of single/mixture of carboxylic acids and their 

product distribution were investigated. 

4.3 Experimental Part: 

4.3.1 Experimental setup: 

All the Kolbe electrolysis experiments were performed using a commercially available 

ElectraSyn 2.0 (IKA®) system (purchased from Germany), operated under galvanostatic or 

potentiostatic control (Figure 4-2a). The instrument specifications included a maximum 

current input of 1500 mA, electrode voltage output of 30/10 V, electrode current output of 100 

mA and permissible ambient temperature range of 5-50 °C. The stirring speed range was 50-

1500 rpm, compatible with stirring bars 8-16 mm in length, and the instrument weighed 3.72 

kg. All the experiments were conducted in a 20 mL vial provided with the instrument, with 

stirring carried out before electrolysis for 5-10 minutes at 500 rpm using a magnetic stirrer. 

The electrodes included two types of commercially available with instrument, (a) Pt-coated 

copper (Figure 4-2b) and (b) Au-coated copper (Figure 4-2c), each with dimensions of 0.8 x 

5.25 x 0.2 cm³ and a layer thickness of 400-600 µm, with a 5 mm gap between the electrodes 

facing each other. Two non-commercial platinum electrodes was used, with dimensions of 0.7 

x 5.3 x 0.04 cm3 and a total geometrical surface area of 7.9 cm², also maintaining a 5 mm 

electrode gap (custom-adjusted in the instrument electrode holder) (Figure 4-2d). The 
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elemental composition and morphology of the commercial Pt-coated-Cu and non-commercial 

platinum electrodes were investigated using XRF and SEM analysis (discussed in results and 

discussion section). After each experiment, electrodes were thoroughly cleaned using distilled 

water and acetone. 

 

Figure 4-2: (a) ElectraSyn 2.0, (b) Pt-coated copper electrode (c) Au-coated copper electrode and 

(d) Two non-commercial platinum electrodes 

4.3.2 Experimental procedure:  

All the Kolbe electrolysis experiments were conducted on lauric acid, palmitic acid, and a 

mixture of lauric and palmitic acids. Initially, the electrolysis of lauric acid was performed 

using two commercial electrodes in methanol (MeOH) as the solvent. KOH was used as the 

supporting electrolyte in all experiments at different equivalent levels. For explanation, when 

0.7 mmol of lauric acid was used, the 1 eq. of KOH corresponds to 0.7 mmol or 39.27 mg 

(molar mass of KOH: 56.1056 g/mol), while 0.4 equivalent (eq.) corresponds to 0.28 mmol or 

15.71 mg. KOH was added directly to the solvent and acid/acids solution and was stirred using 

hot plate for 5-10 minutes at 500 rpm until the solution becomes fully homogeneous. Further 

investigations were conducted on the electrolysis of lauric acid, palmitic acid, and their 1:1 

mixture using a non-commercial electrode. In the mixture experiments, both acids were 

combined in equal molar proportions; for example, a total of 0.7 mmol of acids consisted of 

0.35 mmol each of lauric acid and palmitic acid. This corresponded to masses of 70.105 mg 

(molar mass of lauric acid: 200.31876 g/mol) and 89.99 mg (molar mass of palmitic acid: 

257.42656 g/mol), respectively. When 1.5 eq. of KOH was used for this mixture, it 

corresponded to 1.05 mmol or 58.91 mg. The mixture was dissolved in various solvents, and 
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KOH was added according to the equivalent level to investigate its effect on the electrolysis. 

Next, the vial was connected with the ElectraSyn 2.0 setup, and the experiment was carried out 

at room temperature with the stirring at 600 rpm at different current intensities. After 

completion, the mixture was transferred quantitively to a round-bottom flask, and the solvent 

was evaporated by rotary evaporator. The residues were then treated with acidified water in the 

separatory funnel to transform carboxylate salts back into corresponding acids and the organic 

layer was extracted with ethyl acetate. The acetate phase with organic residues was then treated 

with distilled water until the pH reaches to 7.0. The organic phase was then separated and dried 

with sodium sulfate and then analysed by gas chromatography-mass spectrometry (GC/MS) to 

determine the product distribution. The detailed explanation and reaction conditions for each 

experiment are mentioned in the following part of this chapter. All the experiments were 

conducted at room temperature in a duplicate trail and the final value was taken as an average. 

4.4 Results and discussion: 

In these paragraphs, results and discussion of characterization analyses are provided and 

divided depending on the chemical-physical technique employed. 

4.4.1 X-ray Fluorescence Spectroscopy (XRF) assay of Pt-coated-Cu electrode and non-

commercial platinum electrode 

The commercial Pt-coated-Cu electrode analyzed exhibits a complex composition, comprising 

a diverse range of elements. Significant constituents include platinum (25.6 mass %), gold (21 

mass %), and copper (26.3 mass %). Additionally, the electrode contains notable amounts of 

phosphorus (17.2 mass %) and nickel (7.31 mass %). Smaller quantities of aluminum, sulfur, 

zinc, tantalum, thallium, bismuth, and chlorine are also present. The non-commercial 

electrode was composed of highest mass percentage of 77.5% and phosporus with 19.1%. 

Smaller amount of electrodes’ composition includes aluminum, sulfur, iron, nickel, copper, 

rhodium, palladium, and tungsten, mercury, calcium, and chlorine. Tabulated results of the 

components with mass percentage obtained from XRF examination are shown in the table 4-

1. 
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Pt-coated-Cu electrode Non-commercial platinum electrode 

Component Mass% Component Mass% 

Al 0,734 Al 0,753 

S 1,150 S 1,805 

Ni 8,831 Fe 0,051 

Cu 31,771 Ni 0,013 

Zn 0,067 Cu 0,336 

Ta 0,672 Rh 0,054 

Pt 30,926 Pd 0,025 

Au 25,369 W 0,528 

Tl 0,055 Pt 95,809 

Bi 0,098 Hg 0,037 

Cl 0,208 Ca 0,383 

- - Cl 0,156 

 

Table 4-1: XRF result of Pt-coated-Cu electrode and non-commercial platinum electrode 

4.4.3 Scanning Electron Microscopy (SEM) of Pt-coated-Cu electrode and non-

commercial platinum electrodes 

The SEM analysis provide a comprehensive examination of the surface morphology of the Pt-

coated-Cu electrode and non-commercial Pt electrode as shown in figure 4-3. The Pt coating 

has a rather uniform appearance, with slight discrepancies in thickness and roughness. The 

surface has a granular texture, indicating its polycrystalline nature, with discernible grain 

boundaries figure 4-3a-c. For non-commercial Pt electrodes as shown in figure 4-3d-f, at 

lower magnification, the surface has uniform parallel grooves. At 2.5k X magnification, the 

grooves are more proper with no visible damage. At high magnification, the surface has 

smoother layer and fine appearance. Increasing the roughness of the electrode surface and 

stepped sites leads to an increase in the number of reaction sites. Stepped sites are high surface 

gradient sites. 
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Figure 4-3: SEM images of Pt-coated Copper electrode surface at magnifications of (a) 50 X (b) 

2500 X, (c) 10000 X and non-commercial Pt-electrode at magnifications of (d) 50 X (e) 2500 X, (f) 

10000 X 

4.4.4 Kolbe electrolysis of lauric acid on platinum-coated copper electrodes 

A set of experiments was carried out utilizing Pt-coated-Cu electrodes for the decarboxylation 

of lauric acid, as shown in table 4-2.  

 

Entry  Lauric acid KOH Current (mA) Time (h) Docosane %a 

1 0.7 1.5 20 3 1 

2 0.7 1.5 20 3 AP 4 

3 0.4 1.5 20 6 AP 4 

4 0.4 1.5 85 6 AP 45 

5 0.4 1.5 85 6 4 

6 0.7 0.4 85 6 AP 21 

7 0.7 0.8 85 6 AP 19 

8 0.7 1.0 85 6 AP 14 

9 0.7 1.3 85 6 AP 3 

10 0.4 1.5 85 6 AP 10 

 

Table 4-2: Experimental parameters and results of Kolbe electrolysis of lauric acid using Pt-

coated-Cu electrode, 12 ml MeOH was used in all the experiments, *AP = Alternate polarity every 
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30 minutes, a % mmol respect to the initial amount of starting material, Experiments of entry 4 

and entry 10 were carried out under the same conditions, but entry 10 is the experiment of entry 

4 after the electrodes had been utilized for 48 hours 

 

The experiments were carried out with 0.4 or 0.7 mmol of lauric acid in methanol (12 mL) as 

solvent for 3 or 6 hours, with or without alternate polarity (AP). The amount of desired product 

was minimal in all the experiments conducted with a lower current, i.e. 20 mA and, as shown 

in entries 1-3, the unreacted starting material was almost completely recovered. The best result 

(45%) was obtained when the current was increased to 85 mA by alternating polarity every 30 

minutes (entry 4), a much higher yield than without AP (entry 5). Under these conditions the 

major product obtained was “one electron” Kolbe dimer n-Docosane CH3(CH2)20CH3 as shown 

in figure 4-4. From these experiments, it was concluded that higher current intensities show 

effective conversion of lauric acid into Docosane. During the experiment of entry 4, black 

particles began to appear inside the solution, due to the dissolution of the electrode, as shown 

in Figure 4-5 a. After reaction completion, the colour of the electrode was changed from its 

original metallic grey as shown in Figure 4-5 b-c. The passivation of the electrodes inside the 

solution during electrolysis experiments provide a proof that electrodes with thin layer of 

platinum  coated on copper might not be useful in high current intensities experiments.  

 

Figure 4-4: Mechanism of Kolbe electrolysis of lauric acid 

 

Once selected the optimal current conditions, the effects of increasing amount of KOH were 

investigated. Varying amounts of KOH, i.e., 0.4, 0.8, 1 and 1.3 eq. were examined while setting 

other conditions as follows: lauric acid 0.7 mmol, current: 85 mA and time 6 hours (entries 6-

9). As the amount of supporting electrolyte was increased, a downward trend in product yield 
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(21, 19, 14 and 4 % of Docosane) was observed. Since an increase in electrolyte concentration 

causes an increase in the current through the cell, it is possible to attribute the slight decrease 

in product yield to the corrosion of the Pt coating. Moreover, the formation of a substantial 

amount of several side products was observed. In order to gain information about the 

performance of the electrodes, the experiment of entry 4 was repeated after the electrodes had 

been utilized for 48 hours (Table 4-2, entry 10). The product yield decreased from 45 % to 10 

%, as shown in Table 4-2. After 54 hours of electrolysis time, the colour of electrode was 

totally changed into black. 

 

Figure 4-5: Pt-coated copper electrode: (a) black particles appeared during electrolysis (entry 4), 

(b) corrosion effects after 24 h of electrolysis (the black particles were removed), (c) fresh Pt-

coated copper electrode 

 

4.4.5 X-ray diffraction (XRD) 

The XRD analysis was performed for the confirmation of the corrosion of electrode. The XRD 

patterns in Figure 4-6 refer to used (red) and fresh (black) Pt-coated copper electrodes. The 

pattern shows the diffraction peaks of platinum at 39.6° and 46.1°, of copper at 43.1° and 50°, 

and of gold at 38°, 42° and 64.4° 2θ. Surprisingly, a coating of gold is sandwiched between the 

copper substrate and the platinum coating. These results are in agreement with XRF analysis 

(Table 4-1). The XRD analysis indicates the stability of these commercial Pt-coated copper 

electrodes was decreased significantly due to electrode dissolution during the electrolysis. 
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Recently, Ranninger et al., associated the anodic damaging to direct dissolution of Pt in the 

form of Pt ions [130]. 

 

 

Figure 4-6: X-ray diffraction (XRD) patterns of fresh (black) and damaged (red) Pt-coated copper 

electrode 

4.4.6 Kolbe electrolysis of lauric acid using Au-coated copper electrode 

Multiple experiments were carried out to examine the impact of Au-coated copper electrode 

on the electrolysis of lauric acid, as shown in table 4-3.  

All the experiments were conducted with either 0.4 or 0.7 mmol of lauric acid and 1.5 eq. of 

KOH as supporting electrolyte. In the first test, high values of the experimental parameters 

were used, including a constant current intensity of 85 mA for 6 hours of electrolysis, 

alternating polarity every 30 minutes. After completion of the experiment, 16 % of n-Docosane 

was formed (entry 1). As expected, no Kolbe product was observed when the current was then 

reduced below 85 mA to 10 and 20 mA for 3 hours (No. 2-3 and 4). 
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No Acid (mmol) Solvent (12 mL) Current (mA) Time (h) Docosane % a 

1 0.7 MeOH 85 6 AP 16 

2 0.4 MeOH 10 3 AP 0 

3 0.4 MeOH 20 3 AP 0 

4 0.4 MeOH 20 3 AP 0 

5 0.4 MeOH 85 2 AP 6 

6 0.4 MeOH 85 2 2 

7 0.4 MeOH 85 4 AP 0 

8 0.7 MeOH 85 6 AP 4 

9 0.4 MeOH 85 2 AP 5 

 

Table 4-3: Experimental conditions and results of Kolbe electrolysis experiments for the 

decarboxylation of lauric acid using Au-coated copper electrodes, AP* = Alternate polarity after 

each 20 minutes, a % mmol respect to the initial amount of starting material 

 

When electrolysis was carried out for 2 hours with and without AP, only 6 % and 2 % of yield 

along with side products were formed (entries 5-6). Worse products yield % was obtained with 

the Au-coated electrodes compared with Pt-coated electrodes. The result is consistent with 

observations in the literature on electrooxidation of carboxylic acids suggesting that parasitic 

Faradaic processes on Au electrodes are easier than on Pt, and, as a consequence, the Faradaic 

efficiency of gold anode is much lower than that of platinum [131]. 

In entry 5, black particles appear in the solution, indicating that the anodic dissolution of gold 

is likely to occur. After completion of the experiments, the particles were collected through 

filter paper and then analysed through XRD as shown in Figure 4-7a. The XRD pattern 

obtained indicates the presence of gold and copper particles. 

The impact of operation time with current intensity of 85 mA was then studied. After using the 

same electrodes continuously for 23 hours, the performance was noticeably reduced, and the 

electrode colour completely changed from golden to dark, as shown in Figure 4-7b. The 

experiments 1 and 5 were repeated with the deteriorated electrode, and the yield decreased 

from 16 % to 4 % and from 6 % to 5 % (entries 8-9). The yield of n-Docosane progressively 

decreased with usage of the electrode. The comparison of the performance of Au-coated 

electrodes after different time of usage are shown in Figure 4-8. 
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Figure 4-7: Au-coated copper electrodes: (a) XRD of black particles appeared during electrolysis 

(No. 5), (b) corrosion effects after 23 h of electrolysis 

 

 

Figure 4-8: Performance of electrodes after 6 and 29 hours (entries 1 and 8 in table 3), 17 and 31 

hours (entries 5 and 9 in table 3) of usage. The values of Docosane% is on the top of each 

histogram. 
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4.4.7 Kolbe electrolysis of lauric acid using non-commercial platinum electrode 

After the corrosion of commercial electrodes, the non-commercial Pt-electrodes were used for 

all subsequent experiments. Four factors (electrolysis conditions and reaction parameters) were 

studied for the electrolysis of lauric acid: (1) current intensity; (2) KOH loading; (3) electrolysis 

duration; and (4) the nature of the solvent. The first set of tests examined the impact of constant 

current intensity within the range of 10 mA to 100 mA with an alternate polarity (AP) after 

each 30 minutes. The remaining parameters remained constant, with the following values: 0.7 

mmol lauric acid, 0.4 eq. of KOH, MeOH as the solvent, and 6 h for electrolysis. Figure 4-9 

a, displays a product spectrum that includes the formation of Docosane as a dimer, undecane 

and undecene as “other hydrocarbons” resulting from the disproportionation of radicals, 

undecanol as alcohol, and undecanal as aldehydes. Alkene and ester formation is presumably 

caused by a small degree of carbocation generation known as non-Kolbe or Hofer-Moest 

reaction. Because a significant quantity of unreacted lauric acid was detected in the product 

distribution, it was determined that, when employing MeOH as the solvent system at 0.4 eq. of 

KOH, there was a small conversion rate of lauric acid even at higher current intensities. A small 

portion of the peaks that were undetected by GC/MS in the trials with current intensities of 70 

mA and 85 mA emerged and are named as undetected peaks.  

The impact of KOH loading (0.4, 0.7, 1, 1.3, and 1.5 eq.) was then examined while keeping 

constant the remaining parameters as 0.7 mmol acid, 70 mA of current intensity (AP=30 min), 

MeOH as the solvent, and a 6h electrolysis time. Figure 4-9 b illustrates that using 0.4 eq. of 

KOH results in a greater dimer yield (19%); nonetheless, overall, the conversion rate was low, 

with almost 80% of the unreacted acid remaining visible in all experiments. Aldehydes, 

alcohol, and a lower quantity of other hydrocarbons were also produced. 

The next series of experiments were to investigate the effect of electrolysis time from 2-18 h 

and other conditions were constant like 0.4 eq. of KOH, MeOH as solvent and current intensity 

of 70 mA (AP=30 min). As shown in Figure 4-9 c, using MeOH as a solvent and 0.4 eq. of 

KOH, the conversion rate was very modest after 8 h or more of electrolysis. Therefore, the 

impact of different solvent types was investigated in an effort to boost the conversion rate. 
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Figure 4-9: Kolbe electrolysis of lauric acid investigating the effect of different parameters (a) effect of current intensity (0.7 mmol lauric acid, 0.4 eq. 

of KOH, MeOH as the solvent, and 6 h for electrolysis), (b) effect of KOH (0.7 mmol acid, 70 mA of current intensity (AP=30 min), MeOH as the 

solvent, and a 6h electrolysis time), (c) effect of time (0.4 eq. of KOH, MeOH as solvent and current intensity of 70 mA (AP=30 min)), (d) effect of 

solvent environment (0.7 mmol acid, a constant current intensity of 70 mA (AP=30 min), and an electrolysis duration of 6 h)
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Table 4-4 displays the specifics of each experiment's solvent type, KOH amount, and dimer 

yield percentage. These studies were all carried out with an acid content of 0.7 mmol, a constant 

current intensity of 70 mA (AP=30 min), and an electrolysis duration of 6 h. As shown in 

Figure 4-9d, the best results, with the highest dimer yield of 69% and 65%, as well as the 

highest degree of acid dissociation, were produced using Hexane:EtOH:Water and 

EtOH:MeOH:Water as solvents, respectively (table 4-4, entries 8, 9). The solvent system 

Hexane:EtOH:Water produces mostly dimers (n-Docosane), accounting for 69% of the 

product; alcohol (undecanol) accounts for 17%; aldehydes (undecanal) accounts for 12%; and 

unreacted acids make up a very small percentage. Comparably, larger levels of dimer (n-

Docosane) at 65%, alcohols (undecanol) at 18%, aldehydes (undecanal) at 14%, acids (n-1) 

(undecanoic acid) at 1%, and very few unreacted acids were formed in the EtOH:MeOH:Water 

solvent system. These results imply that both of these mixtures of solvents are highly efficient 

in electrolyzing lauric acid, and that the solvents' chemical makeup has a significant impact on 

the number and diversity of products that are produced. 

Entry Mole Solvent  and proportion % KOH eq. Docosane % 

1 0.7 MeOH 0.4 25 

2 0.7 EtOH 0.4 30 

3 0.7 MeOH:EtOH (50:50) 0.4 28 

4 0.7 MeOH:EtOH (33.33:66.6) 0.4 25 

5 0.7 MeOH:EtOH (25:75) 0.4 27 

6 0.7 MeOH:EtOH (75:25) 0.4 29 

7 0.7 MeOH:EtOH:H
2
O (38.89:38.89:22.22) 0.4 17 

8 0.7 MeOH:EtOH:H
2
O (16.67:16.67:66.67) 1.5 65 

9 0.7 Hexane:EtOH:H
2
O (38.89:38.89:22.22) 1.5 69 

 

Table 4-4: Reaction conditions and resulting dimers percentage for investigating the effect of 

solvent nature on the electrolysis of lauric acid 

 

Figure 4-10 shows the GC/MS result of electrolysis of lauric acid in Hexane:EtOH:Water 

(38.89:38.89:22.22%) and MeOH:EtOH: Water (16.67:16.67:66.67%) solvent systems. For 

Hexane:EtOH:Water system, the retention times 4.820, 5.178 and 8.732 shows undecanal, 

undecanol and Docosane respectively. For EtOH:MeOH:Water system, the retention times 

4.809, 5.169 and 8.742 shows undecanal, undecanol and Docosane respectively. The retention 



 49 

times are automatically generated by OriginPro software and little peaks for lauric acid at 6.220 

and for undecanoic acid at 8.410 cannot be detected. 

 

Figure 4-10: GC/MS result of electrolysis of lauric acid in Hexane:EtOH:Water 

(38.89:38.89:22.22%) and MeOH:EtOH: Water (16.67:16.67:66.67%) solvent systems 

4.4.8 Kolbe electrolysis of palmitic acid: 

Once the reaction conditions were fixed from the electrolysis of lauric acid, the same 

parameters were applied to the electrolysis of palmitic acid. Table 4-5 displays the specifics of 

the reaction conditions for the electrolysis of palmitic acid.  

Entry Mole Solvent% KOH eq. 

1 0.7 EtOH:MeOH:H
2
O (16.67:16.67:66.67) 1.5 

2 0.7 Hexane:EtOH:H
2
O (38.89:38.89:22.22) 1.5 

3 0.7 EtOH:H
2
O (66.67:33.33) 1.7 

 

Table 4-5: Experimental conditions for the electrolysis of palmitic acid 

 

Figure 4-11 displays the product distribution formed after an electrolysis of palmitic acid. 

Dimers make up the majority of the product in the MeOH:EtOH:Water solvent system, with 
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23%, followed by “other hydrocarbons” (19.5%) and alcohols (18%). The 

Hexane:EtOH:Water system produces 15% of dimers and 30% of other hydrocarbons. The 

larger percentages of dimers (9%), alcohol (20%), and aldehydes (21.79%) are produced in the 

EtOH:Water solvent environment. Since the solution was not homogenous, as indicated in 

Table 4-5 (entry 3), the quantity of KOH was raised from 1.5 eq. to 1.7 eq. These results led 

to the conclusion that the selectivity and distribution of a particular product are significantly 

influenced by the nature of the solvent. Zhang et al. investigated the electrolysis of palmitic 

acid using platinum foil electrodes and biphasic solvent system (H2O:MeOH:petroleum ether) 

with 1.5 eq. of KOH achieved 27% of dimers yield [132].  

 

 

Figure 4-11: Product distribution of electrolysis of palmitic acid using different solvent 

environments. The experimental conditions for each entry are as follows, Time = 6 hours, current 

intensity = 70 mA, 1.5 eq. of KOH for EtOH:MeOH:H2O and Hexane:EtOH:H2O while 1.7 eq. 

for EtOH:H
2
O solvent system 

 

A solvent system with a greater water content and a lower alcohol content produces a larger 

percentage of dimers, whereas a solvent system with a high alcohol content and a low water 

content produces a higher concentration of alcohol and aldehyde. The details of the observed 

products analysed by GC/MS and their retention times are shown in Table 4-6 (Figure 4-12). 
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Product Product name (Retention time)  Chemical Formula 

Dimer Triacontane (12.59) C₃₀H₆₂ 

Other Hydrocarbon Pentadecene (5.774) C₁₅H₃₀ 

Other Hydrocarbon Pentadecane (5.811) C₁₅H₃₂ 

Other Hydrocarbon Hexadecane (6.298) C₁₆H₃₄ 

Other Hydrocarbon Tetradecane (6.01) C₁₄H₃₀ 

Alcohol Pentadecanol (5.81) C₁₅H₃₂O 

Alcohol Hexadecanol (6.85) C₁₆H₃₄O 

Unreacted acid Palmitic acid (7.88) C₁₆H₃₂O₂ 

Aldehyde Pentadecanal (7.13) C₁₅H₃₀O 

Aldehyde Hexadecanal (6.65) C₁₆H₃₂O 

Esters Pentadecanoic acid, methyl ester (7.58) C₁₆H₃₂O₂ 

Acid (n-1) Pentadecanoic acid (7.43) C₁₅H₃₀O₂ 

 

Table 4-6: Summery of products observed from the electrolysis of palmitic acid 

 

 
Figure 4-12: GC/MS spectra pf the product distribution after electrolysis of palmitic acid in 

EtOH:MeOH:H2O, Hexane:EtOH:H2O and EtOH:H2O solvent systems 
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4.4.9 Kolbe Electrolysis of Mixture of lauric and palmitic acids: 

Following the conclusion of the lauric acid and palmitic acid electrolysis tests, the two acids 

were mixed ratio (1:1) to examine the distribution trend of the products, particularly the 

formation of dimers. Table 4-7 displays the experimental parameters as well as the dimer yield 

(%) of Docosane, triacontane and Hexacosane.   

Entry mmoltotal Solvent% KOH eq. Current mA Dimer % 

1 0.7 Hexane:EtOH:H
2
O 

(38.89:38.89:22.22) 

1.5 70 32.2 

2 0.7 MeOH:EtOH:H
2
O 

(16.67:16.67:66.67) 

1.5 70 45 

3 0.7 EtOH:H
2
O (66.67:33.33) 1.7 70 10.4 

 

Table 4-7: Reaction conditions for the electrolysis of mixture of acids C12:C16 (1:1), mmoltotal is 

the combine molar amount of both acids (0.35 mmol each) 

 

As expected, a broad spectrum of product distribution was observed when using a mixture of 

acids as compared to single acid electrolysis because of the higher possible combination of 

formed radicals. When using the mixture of acids, the dimers were formed either by 

homocoupling i.e., a combination of radicals of the same chain length or by hetero-coupling 

i.e., a combination of radicals of two different chain lengths. The dimers Docosane (C22H46) 

and triacontane (C30H62) were formed by the combination homocoupling of C11H23
• and C15H31

• 

radicals, respectively, and Hexacosane was formed by hetero-coupling of C11H23
• and C15H31

• 

radicals as shown in figure 4-13.  

 

Figure 4-13: Representation of the formation of dimers as a result of homocoupling and hetero-

coupling of radicals of lauric and palmitic acid mixture 

 

The product formation and their percentage are shown in Figure 4-14. In the 

EtOH:MeOH:Water solvent system, a notably high percentage 45% of dimers were produced 
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followed by alcohols at 19.6%, other hydrocarbons at 17.7% and aldehydes at 10%. A very 

little percentage of esters and acids (n-1) were also formed. On the other hand, in the 

EtOH:Water system, alcohols were the most dominant with 31.4% and a lower number of 

dimers at 10.4%. This might suggest that the absence of MeOH discourages dimer formation 

and leads to the higher formation of alcohols and aldehydes. Lastly, the Hexane:EtOH:Water 

system leads to the substantial formation of dimers 32.2% and also a significant number of 

alcohols 25.4%. Based on these observations, the MeOH:EtOH:Water solvent system is the 

most efficient choice for dimers production from the mixture (1:1) of lauric and palmitic acids. 

Neubert et al., findings show that using artificial mixture of acids (butyric acid: hexanoic acid: 

octanoic acid) in 3:8:1 molar ratio at 150 mA/cm2 of current density gives alkane production 

of 55 + 10% and acid degradation with columbic efficiency of around 82% [133]. Therefore, 

understanding these variations in experimental conditions is important in optimizing the 

electrolysis process to explore reaction scalability and potential for industrial applications. The 

details of the products observed from GC/MS analysis after the electrolysis of mixture of lauric, 

and palmitic acid are shown in Table 4-8 (Figure 4-15). 

 

 
Figure 4-14: Product distribution of electrolysis of mixture of lauric and palmitic acid (1:1) using 

different solvent environments 
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Product Product name (Retention time) Chemical Formula 

Dimers Docosane (8.72) C₂₂H₄₆ 

- Triacontane (12.59) C₃₀H₆₂ 

- Hexacosane (10.21) C₂₆H₅₄ 

Other hydrocarbon Undecene (3.43) C₁₁H₂₂ 

- Undecane (3.45) C₁₁H₂₄ 

- Pentadecane (5.80) C₁₅H₃₂ 

- Pentadecene (5.77) C₁₅H₃₀ 

- Tetradecane (6.6) C₁₄H₃₀ 

- Hexadecane (5.9) C₁₆H₃₄ 

Alcohols Undecanol (4.75) C₁₁H₂₄O 

- Pentadecanol (7.13) C₁₅H₃₂O 

- Hexadecanol (6.5) C₁₆H₃₄O 

- Tetradecanol (5.9) C₁₄H₃₀O 

- Undecanal (4.8) C₁₁H₂₂O 

- Pentadecanal (6.7) C₁₅H₃₀O 

Esters Pentadecanoic acid-methyl ester (7.5) C₁₆H₃₂O₂ 

- Undecanoic acid methyl ester (6.6) C₁₂H₂₄O₂ 

Acid (n-1) Pentadecanoic acid (6.31) C₁₅H₃₀O₂ 

- Undecanoic acid (4.9) C₁₁H₂₂O₂ 

 

Table 4-8: Summery of product observed from the electrolysis of mixture of lauric and palmitic 

acids 
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Figure 4-15: GC/MS spectra pf the product distribution after electrolysis of mixture of lauric acid 

and palmitic acid in EtOH:MeOH:H2O, Hexane:EtOH:H2O and EtOH:H2O solvent systems 

4.4.10 Effect of time on the electrolysis of mixture of acids: 

The time study was conducted in order to investigate the trend of product formation from the 

starting time of electrolysis. All the experiments were conducted in MeOH:EtOH:H
2
O 

(16.67:16.67:66.67%) solvent system. As shown in Figure 4-16, it can be observed that the 

product formation other than dimers appeared form the start of the reaction. It is shown that 

with the increase in time, the unreacted acid decreases from 89.2%  to 3.5% after 6 hours of 

electrolysis, indicating the dissociation and progress of acids. Correspondingly, there is an 

increase in production of dimers, from 7.7% at 0.5 hours to 44.5% after 6 hours of electrolysis 

time. Other products like alcohols and aldehydes also shows an increasing trend with 

electrolysis time but lesser than dimers. The ester formation appears at 4 hours of electrolysis 

while acid (n-1) formation starts at 6 hours of electrolysis. All the products formation after 

different electrolysis duration are shown in Table 4-9 and the GC/MS spectra of some 

experiments are shown in Figure 14-7. 
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Figure 4-16: Product distribution of the electrolysis of mixture of acids with time of electrolysis, 

Other HC are hydrocarbons other than dimers 

This trend suggests that as the time of electrolysis increases, a shift towards more complex 

products appears. This is because of the mix nature of acids, more radical’s availability and 

electrochemical environment which favors certain products over others. The longer electrolysis 

time can lead to the higher yield of desired products such as dimers in this case, but at the same 

time, other products like aldehydes and alcohols formation also increases. Therefore, 

optimization of electrolysis time is very crucial for achieving the balance between selectivity, 

yield and efficiency
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Table 4-9: Product distribution of mixture of acids (1:1) and their percentage with respect to electrolysis time 

 

Product Formula Electrolysis time (hours) 

0.5 1 1.5 2 2.5 3 4 5 

Undecane/undecene C₁₁H₂₄ / C₁₁H₂₂ - 0,5/0,6 1,3/0,9 - 0,6/0,6 - 0,7/0,7 0,5/0,5 

Undecanal C₁₁H₂₂O - - 0,5 0,9 1,4 1 3 1,5 

Undecanol C₁₁H₂₄O 0,6 0,9 1,8 0,9 4,2 2,5 4,2 4,4 

Pentadecane C₁₅H₃₂ 0,7 0,3 0,8 3,2 5 1,9 5 6,6 

Pentadecene C₁₅H₃₀ 0,6 0,5 1 2,9 5 2,8 5 5,7 

Pentadecanal C₁₅H₃₀O - 1,4 1,5 2,5 2,4 1,7 4 3,7 

Pentadecanol C₁₅H₃₂O - 1,9 2,5 3,9 5,1 2,4 4,8 6,4 

Lauric acid C₁₂H₂₄O₂ 64,6 63,2 53,8 57,3 41 33,7 32 22 

Palmitic acid C₁₆H₃₂O₂ 24,6 16 22,3 5,4 6,4 22,9 8 10 

Docosane C₂₂H₄₆ 2,2 5,3 3,5 6,9 9,6 8 7,2 10 

Hexacosane C₂₆H₅₄ 4,2 6,8 6,8 11,3 15,7 10,4 13,5 15 

Triacontane C₃₀H₆₂ 1,3 2,6 3,3 4,8 7,3 3,9 7 6 

Hexadecane C₁₆H₃₄ - - - - - 5,8 - - 

Undecanoic acid, methyl ester C₁₂H₂₄O₂ - - - - - - 0,8 0,5 

Pentadecanoic acid, methyl ester C₁₆H₃₂O₂ - - - - - - 0,8 0,6 

Sum undetected peaks - - - - - 1,7 3 3,3 6,6 
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Figure 4-17: GC/MS spectra of the product distribution after different time of electrolysis
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4.5 Conclusion:  

This study demonstrated that an efficient process of electrochemical oxidation of lauric acid 

by Kolbe coupling reaction with 45% product yield of n-docosane can be conducted using Pt-

coated copper electrodes. However, the service life of the Pt-coated copper electrode is short 

(< 30 h), because of surface corrosion effects. The performance for Au-coated copper 

electrodes was lower than that of Pt-coated electrodes. The study also shows that Pt-coated 

copper electrode and Au-coated copper electrodes with a layer thickness of 400-600 µm might 

not be useful for electrosynthesis experiments using high current intensities. 

The study also shows a safe and green electrochemical approach for the production of useful 

chemical products using non-commercial Pt electrodes. The bio-based fatty acids lauric acid 

and palmitic acid are converted into hydrocarbons and other useful chemical products by 

electrochemical technique. The electrolysis of single lauric acid, palmitic acid, and a mixture 

of both acids through Kolbe electrolysis gives 65%, 23% and 45% of dimers hydrocarbons 

respectively. Using non-commercial platinum electrodes, the Kolbe electrolysis in 

MeOH:EtOH:H2O (16.67:16.67:66.67) solvent system shows nearly full dissociation of the 

substrate acids into useful chemical products like alcohols, aldehydes, and other hydrocarbons 

with shorter chain then dimers. 
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Chapter 5 Electrolysis of mixture of fatty acids, derived from 

coconut and palm oil 

In this chapter, the base hydrolysis of coconut oil for the collection of free fatty acids and their 

subjection to Kolbe electrolysis are presented. The series of fatty acids were collected after 

base hydrolysis of coconut and palm and then subjected to the Kolbe electrolysis to produce 

other chemical products. Different experimental parameters were applied to investigate the 

product trend especially the hydrocarbons formation. Before the description of the 

experimental part and discussion of the main results, short highlights of the research activities 

and an introduction about the Kolbe electrolysis is presented. Materials and instrumentations 

for characterization were reported in the chapter 3. 

5.1 Highlights of research activities 

This chapter contains the following research activities. 

(a) Analysis of coconut oil using GC/FID to investigate the nature and composition of 

coconut and palm oils.  

(b) Base hydrolysis of coconut and palm oil to isolate fatty acids. 

(c) Kolbe electrolysis of a complex mixture of fatty acids derived after base hydrolysis of 

coconut and palm oil to produce hydrocarbons and other chemicals. 

5.2 Introduction 

Fossil fuel sources are limited, making a future mismatch between their availability and 

demand, particularly with the rising global population and living standards. To address these 

challenges, alternative energy technologies have already been developed and continue to be 

refined. These innovations rely on renewable resources such as biomass, which includes both 

solid and liquid biofuels and solar and wind power energies [134].  

Beyond the energy sector, the production of chemicals is also transitioning from petrochemical-

based processes to bio-based approaches to promote sustainable resource management. 

Established bio-based processes include the production of acetate, as well as the fermentation 
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of ethanol, n-butanol, and 2,3-butanediol, using biomass or syngas as substrates [135], [136], 

[137]. Currently, n-carboxylic acids and their salts (n-carboxylates) have been recognized as 

key components which are mainly obtained from vegetable oils or biomass. The n-carboxylic 

acids have potential applications as precursors for electrochemical hydrocarbon platform 

chemicals [138]. 

In recent years, the production of hydrocarbons from biomass, are referred as green diesel or 

renewable diesel. Several technical methods are used to convert vegetable oils or biomass into 

hydrocarbons directly or through coupling electrochemical methods. For example, 

Hydrotreatment typically occurs at temperatures between 300°C and 450°C under hydrogen 

pressures of 4 to 15 MPa, using sulfide or noble metal catalysts resulting in hydrocarbons 

primarily in the C15 to C18 range [139]. Catalytic cracking, on the other hand, operates at 350°C 

to 500°C under atmospheric pressure, using catalysts such as zeolite, Al₂O₃, and MgO 

producing hydrocarbons with a wide range of carbon chain lengths [140], [141], [142]. 

However, both methods face challenges that limit product yield and selectivity [143]. Other 

techniques which are used for the formation of carboxylic acids from biomass and then coupled 

with electrochemical methods to convert acids into hydrocarbons. For example, Hydrolysis of 

vegetable oil is carried out at high temperatures (200–250°C) with 1–5 MPa pressures, where 

triglycerides react with water to produce free fatty acids and glycerol. However, its 

applicability to vegetable oils and animal fats especially those containing multiple/conjugated 

double bonds and hydroxyl groups (castor oil and fish oil, for example) is limited because at 

high temperature they undergo undesired thermal decomposition [144]. Thermal cracking 

decomposes oils at elevated temperatures (350–500°C) and atmospheric pressure to produce a 

mixture composed of fatty acids and hydrocarbons [145]. Microbial fermentation utilizes 

specific bacteria or fungi to convert biomass into fatty acids under controlled conditions of 

temperature (30 - 40 °C) and pH (5.5–7.0) [146]. Saponification occurs under alkaline 

conditions (typically using NaOH or KOH) at temperatures around 80–100°C, breaking 

triglycerides into glycerol and fatty acid salts [147]. Saponification is a cost-effective and 

straightforward process that operates under mild conditions, reducing energy requirements. 

Additionally, it does not require expensive catalysts or high-pressure equipment, making it 

ideal for large-scale and economical fatty acid production [148].  

This chapter discribes the investigation of coconut and palm oils through a detailed analysis of 

GC/FID to characterize their fatty acid methyl ester (FAME), sterols and di/triglycerides 

profiles, providing a baseline for further processing. The GC/FID analyses were performed at 

the Innohub laboratory in Milan, Italy. Subsequently, base hydrolysis was performed on both 
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oils to effectively convert the triglycerides into their respective free fatty acids. The resulting 

fatty acid mixtures were then subjected to Kolbe electrolysis, a key experimental procedure 

aimed at producing value-added hydrocarbons and green chemicals.  

5.3 Experimental part 

5.3.1 Base hydrolysis of coconut and palm oil 

Base hydrolysis reaction was performed for converting oil into fatty acids. Before the base 

hydrolysis step, the nature and composition of the coconut and palm oil was analyzed using 

GC-FID. The purpose of GC-FID analysis was to get the baseline information and to identify 

the nature and major components of both oils, including fatty acid profile sterols, and mono-, 

di-, and triglycerides. For the base hydrolysis reaction, 25 g of coconut/palm oil was taken and 

melted at 50 oC for 5 minutes and then 10 mL of EtOH was added and mixed using magnetic 

stirrer. 11% w/v of KOH (5.5 g) in 50 mL aqueous solution was prepared and added to the oil. 

The hydrolysis reaction occurred under reflux at 600 rpm and 110 oC for 1.5 - 2 hours, 

following the reported methodology with little modifications [149]. After the hydrolysis 

reaction completes, the mixture (having KOH, EtOH, unsaponifiable and fatty acids salts) were 

cooled until the fatty acid salts were completely precipitated. Next, n-hexane (30 mL) was 

added, and the aqueous phase was separated. The aqueous phase was then acidified with 1 M 

(M=mol dm-3) HCl (37 %) until the pH of the solution reached to 1.0 and then with distilled 

water to reach the pH to 7. The generated fatty acids mixture was then dried with the help of 

anhydrous sodium sulfate (Na2HSO4) and then filtered to isolate pure fatty acid mixture. The 

obtained fatty acids were then characterized by GC/MS. The fatty acids obtained from the 

coconut oil were (1) Octanoic acid (C8H16O2), (2) Decanoic acid (C10H20O2), (3) Dodecanoic 

acid (C12H24O2), (4) Tetradecanoic acid (C14H28O2), (5) Hexadecanoic acid (C16H32O2) and (6) 

9-Octadecanoic acid (E) (C18H34O2) and from palm oil were (1) Hexadecanoic acid (C16H32O2) 

and (2) 9-Octadecanoic acid (E) (C18H34O2). 

5.3.2 Kolbe elctrolysis on the mixture of fatty acids derived from oil (Experimental setup) 

All Kolbe electrolysis experiments on the mixture of fatty acids obtained from both oils were 

performed using a commercially available ElectraSyn 2.0 (IKA®) system, as discussed in 

chapter 4. All the experiments were conducted at galvanostatic controlled system using three 
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electrode steup consisting of non-commercial platinum electrodes as working and counter 

electrode (5 mm costom adjusted electrode gap) and an an Ag/AgCl 3 M KCl reference 

electrode (available with instrument). The complete details of composition analysis by XRF 

and surface analysis by SEM of non-commercial electrodes are explained in chapter 4. All the 

experiments were conducted in duplicate trials and after each experiment, electrodes were 

thoroughly cleaned using distilled water and acetone. 

5.3.3 Preparation of electrolyte solution for Kolbe electrolysis 

The mixture of fatty acids system (derived from base hydrolysis of coconut and palm oil) were 

then subjected to Kolbe electrolysis to investigate to products formation trend. In a detailed 

procedure, 1 gram sample of the mixture of fatty acids system was taken in a 20 mL vial 

(available with the instrument) with different solvent systems. The molar amounts of each acid 

were calculated based on their percentage composition in the mixture known from the GC/MS 

results. For coconut oil, for example, decanoic acid, comprising 10.5% of the mixture, 

contributed 0.105 g, which was converted to moles using its molar mass (172.27g/mol), 

resulting in 0.000586 mol. Similarly, the molar amounts of all other acids were calculated in 

the same way. KOH as a supporting electrolyte was added according to 100% neutralization 

(0.236 g, 4.21 mmol, 0.2105 mol/L), considering a stoichiometric reaction with all acid 

molecules in the mixture. For palm oil, hexadecanoic acid, comprising 47.5% of the mixture, 

contributed 0.475 g, which was converted to moles using its molar mass (256.42 g/mol), 

resulting in 0.001852 mol. Similarly, the moles of 9-octadecanoic acid (E), comprising 52.5% 

of the mixture, were calculated to be 0.001859 mol. The total moles of acids were determined 

to be 0.003711 mol. To achieve 100% neutralization, 0.208 g of potassium hydroxide (KOH) 

was added, ensuring complete reaction with all acid molecules in the mixture. Then, the 

electrodes were inserted in the vial, which was closed with a cap, and the reaction mixture was 

stirred using hot plate for 5-10 minutes at 500 rpm until the solution becomes fully 

homogeneous. Next, the vial was connected with the ElectraSyn 2.0 setup, and the experiment 

was carried out at room temperature with the stirring at 600 rpm. All the experiments in this 

thesis were conducted in a duplicate trail and the final value was taken as an average. After 

completion, the mixture was transferred into a beaker, and the solvent was evaporated by using 

hot plate. The dried mixture was then mixed with ethyl acetate to extract the organic 

components in a separatory funnel. The sample was acidified using 1 M hydrochloric acid 

(HCl) on vigorous shaking. The aqueous phase was removed repeatedly until the pH of the 
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remaining organic layer reached neutral (pH 7). The organic phase was collected, dried using 

Na2HSO4 (anhydrous sodium sulfate) to eliminate any residual water, and then filtered. Finally. 

the prepared sample was injected into a GC-MS for product analysis. 

5.4 Results and discussion 

In these paragraphs, results and discussion of characterization analyses are provided and 

divided depending on the chemical-physical technique employed. 

5.4.1 Analysis of coconut oil and palm oil by Gass Chromatography/Flame Ionization 

detector (GC/FID) 

The purpose of GC-FID analysis was to identify the nature and major components of both oils, 

including fatty acid profile sterols, and mono-, di-, and triglycerides.  

5.4.2 Fatty acid methyl esters (FAME) profile 

The analysis provided data on the oil’s components, including fatty acid methyl esters (FAME), 

the methylated forms of fatty acids profile including saturated and unsaturated fatty acids. The 

tabulated details of the fatty acids profile of both oils and their GC/FID spectra are shown in 

Table 5-1,  5-2 (Figure 5-1, 5-2). For the coconut oil, lauric acid (C12:0) was the most 

abundant fatty acid, comprising 45.83%, followed by myristic acid 

(C14:0) at 18.97% and palmitic acid (C16:0) at 10.11%, medium-chain fatty acids, 

including caprylic acid (C8:0) and capric acid (C10:0), accounted for 6.64% and 5.50%, 

respectively. Unsaturated fatty acids were present in smaller proportions, with cis-oleic acid 

(C18:1 cis) at 7.35% and linoleic acid (C18:2) at 1.76%. Minor components, including stearic 

acid (C18:0) at 3.07%, and trace amounts of other fatty acids (e.g., caproic, behenic, and 

lignoceric acids), were detected, trans-isomers of linoleic and oleic acids were also present at 

negligible levels (<0.02%).  
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Coconut oil (FAME) Formula Percentage 

Caproic acid C6:0 0.49 

Caprylic acid C8:0 6.64 

Capric acid C10:0 5.50 

Lauric acid C12:0 45.83 

Myristic acid C14:0 18.97 

Pentadecanoic acid C15:0 0.01 

Palmitic acid C16:0 10.11 

Palmitoleic acid C16:1 0.02 

Heptadecanoic acid C17:0 < 0.01 

Heptadecenoic acid C17:1 < 0.01 

Stearic acid C18:0 3.07 

Trans-isomer of Oleic acid C18:1 trans 0.02 

Cis-Oleic acid C18:1 cis 7.35 

Linoleic acid (omega-6) C18:2 1.76 

Arachidic acid C20:0 0.09 

Eicosenoic acid C20:1 0.05 

Alpha-linolenic acid (omega-3) C18:3 0.01 

Behenic acid C22:0 0.02 

Erucic acid C22:1 < 0.01 

Lignoceric acid C24:0 0.04 

Sum of trans isomers of linoleic acid C18:2 trans 0.01 

 

Table 5-1: FAME profile with formulas showing saturated and unsaturated nature and their 

percentages, of coconut analyzed by GC/FID 
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Palm oil (FAME) Formula Percentage 

Caproic acid C6:0 < 0.01 

Caprylic acid C8:0 0.02 

Capric acid C10:0 0.02 

Lauric acid C12:0 0.18 

Myristic acid C14:0 1.05 

Pentadecanoic acid C15:0 0.04 

Palmitic acid C16:0 42.13 

Palmitoleic acid C16:1 0.19 

Heptadecanoic acid C17:0 0.09 

Heptadecenoic acid C17:1 0.02 

Stearic acid C18:0 4.46 

Trans-isomer of Oleic acid C18:1 trans 0.05 

Cis-Oleic acid C18:1 cis 41.33 

Linoleic acid (omega-6) C18:2 9.25 

Arachidic acid C20:0 0.38 

Eicosenoic acid C20:1 0.16 

Alpha-linolenic acid (omega-3) C18:3 0.12 

Behenic acid C22:0 0.06 

Erucic acid C22:1 < 0.01 

Lignoceric acid C24:0 0.07 

Sum of trans-isomers of linoleic acid C18:2 trans 0.32 

Sum of trans-isomers of linolenic acid C18:3 trans 0.05 

 

Table 5-2: FAME profile with formulas showing saturated and unsaturated nature and their 

percentages, of palm oil analyzed by GC/FID 
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Figure 5-1: GC/FID spectra of FAME profile of coconut oil at different retention times 

 

The GC/FID analysis of palm oil reveals a diverse fatty acid methyl ester (FAME) profile, with 

significant contributions from both saturated and unsaturated fatty acids. Palmitic acid (C16:0) 

and cis-oleic acid (C18:1 cis) dominate the composition, representing 42.13% and 41.33%, 

respectively. Linoleic acid (C18:2, omega-6) is the primary polyunsaturated fatty acid at 

9.25%, while among the other components the main one is stearic acid (C18:0) at 4.46%. Minor 

FAMEs, including alpha-linolenic acid (C18:3, omega-3) at 0.12% and trace trans-isomers, 

collectively contribute less than 1%. 
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Figure 5-2: GC/FID spectra of FAMEs profile of palm oil at different retention times 

5.4.3 Sterols profile of coconut and palm oil 

The sterol profile of both oils is shown in Table 5-3. In coconut oil, the highest  amount Beta 

sitosterol are consisting 73.7% of the total sterol amount. Other major sterols 

included Campesterol at 11.1%, Delta 5-avenasterol at 8.1%, and Stigmasterol at 2.7%. 

Smaller amount sterols such as Clerosterol (1.6%), 24 

Methylenecholesterol (0.7%), Sitostanol (0.5%), and Delta 5.24-stigmastadienol (0.5%) are 

also present, while Cholesterol and Brassicasterol were present in minimal amounts (0.1%).  

The palm oil sterol profile analysis reveals beta-sitosterol as the predominant sterol in sample, 

accounting for 56.8% of the total sterols, followed by campesterol at 23.7% and stigmasterol 

at 12.2%. These three sterols collectively constitute over 90% of the profile, emphasizing their 

significant role in the sterol composition. Other sterols, such as delta-5-avenasterol (1.9%), 

cholesterol (1.8%), and clerosterol (1.0%), are present in moderate amounts, while trace 

components like brassicasterol, delta-7-stigmastenol, and delta-7-avenasterol are detected in 

negligible concentrations (<0.1%).  
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Coconut oil Palm oil 

Sterol Percentage Sterol  Percentage 

Cholesterol 0.1 Cholesterol 1.8 

Brassicasterol 0.1 Brassicasterol < 0.1 

24-Methylenecholesterol 0.7 24-Methylenecholesterol 0.8 

Campesterol 11.1 Campesterol 23.7 

Campestanol 0.3 Campestanol 0.2 

Stigmasterol 2.7 Stigmasterol 12.2 

Clerosterol 1.6 Delta-7-Campesterol 0.7 

Beta-sitosterol 73.7 Clerosterol 1.0 

Sitostanol 0.5 Beta-Sitosterol 56.8 

Delta 5-avenasterol 8.1 Sitostanol 0.3 

Delta 5,24-stigmastadienol 0.5 Delta-5-Avenasterol 1.9 

Delta 7-stigmastenol 0.2 Delta-5,24-Stigmastadienol 0.4 

Delta 7-avenasterol 0.4 Delta-7-Stigmastenol < 0.1 

- - Delta-7-Avenasterol 0.1 

 

Table 5-3: Sterol profile and their percentages of coconut and palm oil analyzed by GC/FID 

5.4.4 Glyceride profile of coconut and palm oil 

The diglyceride and triacylglyceride (TAG) profile of both oils are shown in Table 5-4. 1,3-

Diglycerides accounted for the majority of the diglycerides at 69.2%, while 1,2-

Diglycerides were 30.8%, with total diglycerides measured at 2.6%. Among the 

triglycerides, TAG C36 was the most abundant at 18.75%, followed by TAG C38 

(17.13%), TAG C34 (15.67%), and TAG C32 (11.73%). Medium-chain triglycerides, such 

as TAG C30 and TAG C28, contributed 2.89% and 0.63%, respectively. Long-chain 

triglycerides, including TAG C40 (11.18%) and TAG C42 (8.19%), were also detected, with 

levels decreasing for higher chain lengths, such as TAG C54 (0.76%) and beyond.  

The palm oil analysis of di- and triglycerides reveals a composition dominated by 1,3-

diglycerides, which constitute 74.2% of the total diglycerides, compared to 25.8% for 1,2-

diglycerides. In terms of triglycerides (TAGs), the most abundant species are TAG C50 and 

TAG C52, representing 39.62% and 40.53%, respectively, followed by TAG C54 at 11.85%. 

Minor TAGs, such as TAG C46 (0.77%), TAG C48 (5.61%), and trace amounts of TAG C42, 

C44, and higher carbon TAGs (C58, C60, C62), highlight the diversity of the lipid profile.  
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Coconut oil Palm oil 

Name Percentage Name Percentage 

1.2-Diglycerides 30.8 1.2-Diglycerides 25.8 

1.3-Diglycerides 69.2 1.3-Diglycerides 74.2 

Total Diglycerides 2.6 Total Diglycerides 7.4 

TAG C26 0.08 TAG C42 0.14 

TAG C28 0.63 TAG C44 0.12 

TAG C30 2.89 TAG C46 0.77 

TAG C32 11.73 TAG C48 5.61 

TAG C34 15.67 TAG C50 39.62 

TAG C36 18.75 TAG C52 40.53 

TAG C38 17.13 TAG C54 11.85 

TAG C40 11.18 TAG C56 1.19 

TAG C42 8.19 TAG C58 0.12 

TAG C44 4.73 TAG C60 0.05 

TAG C46 2.8 TAG C62 0.01 

TAG C48 2.37 - - 

TAG C50 1.71 - - 

TAG C52 1.32 - - 

TAG C54 0.76 - - 

TAG C56 0.04 - - 

TAG C58 0.01 - - 

TAG C60 0.01 - - 

TAG C62 < 0.01 - - 

 

Table 5-4: Glycerides profile and their percentages of coconut and palm oil analyzed by GC/FID 

5.4.5 Base hydrolysis of coconut oil analyzed by gas chromatography/mass spectrometry 

(GC/MS) 

The base hydrolysis of coconut oil yielded a series of fatty acids, i.e., medium-chain, saturated 

and unsaturated, analyzed by GC/MS as shown in Table 5-5 and Figure 5-3 (gc/ms spectra). 

The major fatty acids identified were dodecanoic acid (C12:0) at 46%, tetradecanoic acid 

(C14:0) at 18.5%, and octanoic acid (C8:0) at 12.5%. The percentage of decanoic acid (C10:0), 

hexadecanoic acid (C16:0), and 9-octadecenoic acid (C18:1, trans) are 10.5%, 7%, and 5.5%, 

respectively. The fatty acids profile of coconut oil are already reported by many researchers 

with different percentages [150]. 
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Fatty acid Percentage Retention time 

Octanoic acid (C8H16O2) 12.5 % 4.259 

Decanoic acid (C10H20O2) 10.5 % 5.323 

Dodecanoic acid (C12H24O2) 46 % 6.475 

Tetradecanoic acid (C14H28O2) 18.5 % 7.258 

Hexadecanoic acid (C16H32O2) 7 % 7.990 

9-Octadecanoic acid (E) (C18H34O2) 5.5 % 8.639 

 

Table 5-5: Mixture of fatty acids profile and their percentages at different retention times, derived 

after base hydrolysis of coconut oil, analyzed by GC/MS 

 

The comparison of fatty acids percentages between GC/MS and GC/FID analyses highlights 

successful conversion of the base hydrolysis, with some minor variations. For 

example, caprylic acid (C8:0), which was 6.64% in the GC/FID analysis, increased to 12.5% 

as octanoic acid (C8H16O2) in GC/MS. Similarly, capric acid (C10:0) increased from 5.50% to 

10.5%. Additionally, some minor components identified in the GC/FID analysis, such as trace 

unsaturated fatty acids and trans-isomers, were not detected after hydrolysis and analyzed by 

GC/MS. These variations can be attributed to differences in the analytical methods, the 

possibility of their instability under alkaline conditions, leading to degradation or volatility and 

loss of trace components during processing after hydrolysis.  
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Figure 5-3: GC/MS spectra of fatty acids derived after based hydrolysis of coconut oil 

5.4.6 Base hydrolysis of palm oil analyzed by GC/MS 

The base hydrolysis of palm oil yielded two types of fatty acids, as shown in Table 5-6 and 

Figure 5-4 (gc/ms spectra). The percentage of hexadecanoic acid (C16:0) and 9-octadecenoic 

acid (E) (C18:1, trans) are 47.5 % and 52.5 % respectively. The fatty acid profile of palm oil 

with highest percentage of hexadecanoic acid and octadecenoic acid are already reported [151]. 

 

Compound (fatty acid) Percentage Retention time 

Hexadecanoic acid (C16H32O2) 47.5% 7.959 

9-Octadecanoic acid (E) (C18H34O2) 52.5% 8.644 

 

Table 5-6: Mixture of fatty acids profile and their percentages at different retention times, derived 

after base hydrolysis of palm oil, analyzed by GC/MS 

 

The results indicate that the base hydrolysis of palm oil was successful, as the major FAMEs 

identified in the GC/FID analysis, namely palmitic acid (C16:0) and cis-oleic acid (C18:1), 

were effectively converted into their corresponding free fatty acids, hexadecanoic acid (C16:0) 

and 9-octadecenoic acid (C18:1), during the process. Only a few minor FAMEs were not 
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reflected in the GC/MS results after hydrolysis, which can be attributed to their trace presence 

in the original oil composition, potential degradation during the hydrolysis process, or loss 

during sample handling and processing.  

 

 

Figure 5-4: GC/MS spectra of fatty acids derived after based hydrolysis of palm oil 

5.4.7 Kolbe electrolysis of mixture of fatty acids obtained from coconut oil 

After collecting a mixture of fatty acids derived from the base hydrolysis of coconut oil, the 

mixture was subjected to Kolbe electrolysis under various solvent environments to thoroughly 

evaluate the influence of solvent composition on the distribution of reaction products. The 

solvents tested included combinations of methanol (MeOH), ethanol (EtOH), and water in 

varying proportions to determine their effects on the yields of products. Table 5-7 displays the 

experimental parameters used for all the electrolysis experiments. 
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Solvent system (v/v) and % Current intensity 

(mA) 

KOH (mmol) Time (hours) 

MeOH:EtOH:water (1:1:4) 

(16.67 :16.67 :66.67%) 

100 4.21  6 

MeOH:EtOH:water (1:1:1) 

(33.33 :33.33 :33.33%) 

100 4.21  6 

MeOH:EtOH:water (5:5:2) 

(41.66 :41.66 :16.67%) 

100 4.21  6 

MeOH:Water (3:1)  

(75:25 %) 

100 4.21  6 

EtOH:Water (3:1) 

(75:25 %) 

100 4.21  6 

 

Table 5-7: Reaction conditions for the electrolysis of mixture of 6 fatty acids derived after base 

hydrolysis of coconut oil, KOH addition was according to 100 % neutralizations of fatty acids, 

considering a stoichiometric reaction with all acid molecules in the 

The results of product formation following Kolbe electrolysis of a mixture of six fatty acids 

derived from the base hydrolysis of coconut oil are shown in Figure 5-5. In mixtures containing 

methanol, ethanol, and water in varying ratios, distinct trends in product distribution were 

observed. The solvent system with a composition of MeOH:EtOH:water (16.67:16.67:66.67%) 

resulted in the production of 68.3% total hydrocarbons, accompanied by 4.75% alcohol, 4.25% 

aldehyde, and 20.95% unreacted acid. Increasing the relative proportions of methanol and 

ethanol while decreasing water content, as in the MeOH:EtOH:water (33.33:33.33:33.33%) 

system, led to a slight increase in hydrocarbon yield (70.4%) and alcohol content (4.8%), while 

the aldehyde percentage increased to 5.5%, and the unreacted acid decreased to 18.55%. The 

solvent system with the highest proportion of organic solvents MeOH:EtOH:water 

(41.66:41.66:16.67%) yielded the maximum hydrocarbon production at 73.55%. This system 

also produces higher alcohol (5.5%) and aldehyde (5.25%) content and the lowest percentage 

of unreacted acid (12.5%). These results suggest that reducing the water content and increasing 

the proportion of organic solvents slightly promote the formation of hydrocarbons while 

minimizing the residual acid. The observed variations in product distribution during Kolbe 

electrolysis can be attributed to several factors related to solvent composition and properties 

(Table 5-8). Solvent polarity and dielectric constant significantly influence the reaction 

pathways. High water content in solvents, such as the MeOH:EtOH:water mixture at 
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16.67:16.67:66.67%, creates a polar environment that facilitates the ionization of fatty acids 

into carboxylate ions. However, this increased polarity may also stabilize reaction 

intermediates, reducing the efficiency of radical coupling and leading to lower hydrocarbon 

yields. This phenomenon is discussed in the context of solvent effects on electro-organic 

synthesis [152]. Furthermore, methanol in high amount, tends to stabilize intermediates like 

aldehydes and alcohols, resulting in higher production of these compounds. In contrast, 

ethanol's lower polarity and hydrogen-bonding capacity make it less effective at stabilizing 

such intermediates, thereby favoring hydrocarbon production [153]. 

In binary solvent systems, methanol and ethanol were combined with water in a 75:25 ratio to 

further explore their individual effects. The MeOH:Water (75:25%) system produced only 

30.35% total hydrocarbons, accompanied by a significantly higher percentage of alcohol 

(14.25%) and aldehyde (13.25%), with 41.5% unreacted acid. This solvent environment was 

notably less efficient in driving hydrocarbon formation and instead facilitated higher alcohol 

and aldehyde production, likely due to altered reaction mechanisms or intermediate 

stabilization in the presence of methanol and water. On the other hand, the EtOH:Water 

(75:25%) system resulted in a hydrocarbon yield of 62.35%, with significantly lower alcohol 

and aldehyde content (3% each) and a residual acid percentage of 29.5%. These findings 

indicate that ethanol in higher proportions enhances hydrocarbon formation compared to 

methanol under similar conditions [154]. 

Solvent  Dipole moment (μ)  Polarity index (P’)  Dielectric constant (ε)  

H2O 1.87 D at 20°C 10.2 80.10 at 20°C 

MeOH 2.87 D at 20°C 5.1 32.70 at 25°C 

EtOH  1.66 D at 20°C 4.3 24.55 at 25°C 

 

Table 5-8: Physical properties of three polar protic solvents used in the Kolbe electrolysis 
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Figure 5-5: Kolbe electrolysis result of mixture of fatty acids obtained from coconut oil with a 

total mass of 1 g in different solvents environments; error bars represent the standard deviation 

of the doublet experiments 

 

The GC/MS spectra of all experiments in different  solvent environments are shown in Figure 

5-6. The retention times at different peaks are automatically geneterated by Origin sofware and 

the majority of the smaller peaks are smaller peaks are undetected by software.



 77 

 

Figure 5-6: GC/MS spectra of the product distribution after electrolysis of mixture of coconut oil based fatty acids in different solvent systems
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Overall, the results reveal that solvent composition significantly impacts the Kolbe electrolysis 

outcomes. Mixtures with higher organic solvent content, particularly MeOH and EtOH 

combined in approximately equal proportions with reduced water, yielded the highest 

hydrocarbon production. Conversely, solvent systems with higher water content or a 

dominance of methanol alone promoted the formation of alcohols and aldehydes and left a 

higher percentage of unreacted acid.  

The GC/MS analysis revealed that the trend of hydrocarbon formation varied across 

experiments. This variation can be attributed to the complex mixture (fatty acids) and the 

influence of the solvent's nature. Due to the highly intricate composition of the solution and the 

extensive generation of radicals on the electrode surface, the pattern of product formation 

appeared inconsistent, further reflecting the dynamic nature of the electrolysis process under 

these conditions. The complete profile of hydrocarbons formed in each solvent environment 

and their percentages are shown in all separate Figures 5-(7 - 11).  

 

 

Figure 5-7: Hydrocarbons spectrum from electrolysis of mixture of fatty acids derived from 

coconut oil in solvent MeOH:EtOH:H2O (16.67:16.67:66.67%) system; *alkenes and dienes from 

C18:1, and the error bars represent the standard deviation of the doublet experiments 
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Figure 5-8: Hydrocarbons spectrum from electrolysis of mixture of fatty acids derived from 

coconut oil in solvent MeOH:EtOH:H2O (33.33 :33.33 :33.33%) system; *alkenes and dienes 

from C18:1 and the error bars represent the standard deviation of the doublet experiments 

 

 

Figure 5-9: Hydrocarbons spectrum from electrolysis of mixture of fatty acids derived from 

coconut oil in solvent MeOH:EtOH:H2O (41.66 :41.66 :16.67) system; *alkenes and dienes from 

C18:1 and the error bars represent the standard deviation of the doublet experiments 
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Figure 5-10: Hydrocarbons spectrum from electrolysis of mixture of fatty acids derived from 

coconut oil in solvent EtOH:H2O (75:25%) system; *alkenes and dienes from C18:1 and the error 

bars represent the standard deviation of the doublet experiments 

 

Figure 5-11: Hydrocarbons spectrum from electrolysis of mixture of fatty acids derived from 

coconut oil in solvent MeOH:H2O (75:25%) system; *alkenes and dienes from C18:1 and the 

error bars represent the standard deviation of the doublet experiments 
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The type of alcohols and aldehydes formed in each solvent environment are shown in Table 5-

9. The different solvent compositions influence the diversity of alcohols and aldehydes. The 

product distribution varies with solvent polarity and composition, highlighting the influence of 

the solvent environment on the electrochemical cleavage and rearrangement of fatty acid-

derived compounds.  

Solvent System Alcohol Aldehyde 

MeOH:EtOH:H2O 

(16.67:16.67:66.67%) 

1-Hexadecanol (C₁₆H₃₄O) 

2-Heptadecanol (C₁₇H₃₆O) 

Undecanal (C₁₁H₂₂O) 

Tetradecanal (C₁₄H₂₈O) 

9-Octadecanal (C₁₈H₃₆O) 

MeOH:EtOH:H2O 

(33.33:33.33:33.33%) 

1-Hexadecanol (C₁₆H₃₄O) 

Pentadecanol (C₁₅H₃₂O) 

Undecanal (C₁₁H₂₂O) 

Dodecanal (C₁₂H₂₄O) 

Hexadecanal (C₁₆H₃₂O) 

MeOH:EtOH:H2O 

(41.66:41.66:16.67) 

2-Hexadecanol (C₁₆H₃₄O) 

1-Octadecanol (C₁₈H₃₈O) 

Tridecanal (C₁₃H₂₆O) 

Tetradecanal (C₁₄H₂₈O) 

9-Octadecanal (C₁₈H₃₆O) 

EtOH:H2O (75:25%) 
1-Heptadecanol (C₁₇H₃₆O) 

Hexatadecanol (C₁₆H₃₄O) 

Dodecanal (C₁₂H₂₄O) 

Pentadecanal (C₁₅H₃₂O) 

Tetradecanal (C₁₄H₂₈O) 

MeOH:H2O (75:25%) 

1-Hexadecanol (C₁₆H₃₄O) 

Heptadecanol (C₁₇H₃₆O) 

Tridecanol (C₁₃H₂₈O) 

Pentadecanol (C₁₅H₃₂O) 

Undecanal (C₁₁H₂₂O) 

Dodecanal (C₁₂H₂₄O) 

Tetradecanal (C₁₄H₂₈O) 

Tetradecanal (C₁₄H₂₈O) 

2-Octadecanal (C₁₈H₃₆O) 

 

Table 5-9: Types of alcohols and aldehydes formed after the electrolysis of mixture of fatty acids 

derived from base hydrolysis of coconut oil in different solvent environments 

5.4.8 Kolbe electrolysis of mixture of fatty acids obtained from palm oil 

After collecting a mixture of fatty acids derived from the base hydrolysis of palm oil, the 

mixture was subjected to Kolbe electrolysis under various solvent environments to thoroughly 

evaluate the influence of solvent composition on the distribution of reaction products. The 

solvents tested included combinations of methanol (MeOH), ethanol (EtOH), and water in 

varying proportions to determine their effects on the yields of products. Table 5-10 displays 

the experimental parameters used for all the electrolysis experiments. 
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Solvents Current intensity (mA) KOH (mmol) Time (hours) 

MeOH:EtOH:water 

(41.66 :41.66 :16.67%) 

100 0.371 6 

MeOH:Water (75:25 %) 100 0.371 6 

EtOH:Water (75:25 %) 100 0.371 6 

 

Table 5-10: Reaction conditions for the electrolysis of mixture of fatty acids derived after base 

hydrolysis of palm oil, KOH addition was according to 100 % neutralizations of fatty acids, 

considering a stoichiometric reaction with all acid molecules in the mixture 

The result of the product distribution of Kolbe electrolysis are shown in Figure 5-12. Under 

the MeOH:EtOH:Water solvent condition, the highest yield of total hydrocarbons, reaching 

73.25% was observed. Alcohol formation accounted for 7.75%, while aldehydes and unreacted 

acids were measured at 4.85% and 13.5%, respectively. The MeOH:Water (75:25%) system, 

in contrast, resulted in hydrocarbon yield of 36.4%, alcohol at 8% and aldehyde formation at 

3.3%. Notably, the unreacted acids increased substantially to 49.5%, indicating that this solvent 

environment was less effective in facilitating complete reaction. The EtOH:Water (75:25%) 

solvent condition yielded hydrocarbons formation at 46.3%, which was higher than in the 

MeOH:Water system but lower than in the MeOH:EtOH:Water environment. Alcohol and 

aldehyde production were 12.85% and 7.5%, respectively. The unreacted acids accounted for 

32.5%, reflecting a moderate degree of reactant conversion compared to the other systems. 

The complete profile of hydrocarbons and their average percentage of doublet trails are shown 

in Table 5-11. Dienes and some alkenes, e.g., 1,13-tetradecadiene and 17-pentatriacontene, are 

likely derived from 9-octadecanoic acid, which has an inherent double bond.  
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Figure 5-12: Kolbe electrolysis result of mixture of fatty acids obtained from palm oil with a total 

mass of 1 g in different solvents environments; error bars represent the standard deviation of the 

doublet experiments 

 

The nearly same hydrocarbon yields (73.55% and 73.25%) for coconut oil and palm oil fatty 

acids in the same EtOH:MeOH:water (41.66:41.66:16.67%) solvent system indicate that 

solubility differences of carboxylate anions in water might not significantly influence Kolbe 

reaction. For instance, research has demonstrated efficient Kolbe electrolysis of water-

insoluble long-chain fatty acid salts can result in substantial hydrocarbon production [155]. 

This suggests that the process efficiency is primarily governed by the electrochemical process 

itself, rather than the solubility of the carboxylates in the solvent system.  

The type of alcohols and aldehydes formed in each solvent environment are shown in Table 5-

12. The different solvent compositions influence the diversity of alcohols and aldehydes. The 

product distribution varies with solvent polarity and composition, highlighting the influence of 

the solvent environment on the electrochemical cleavage and rearrangement of fatty acid-

derived compounds.  



 84 

 

Table 5-11: Hydrocarbons spectrum from electrolysis of mixture of fatty acids derived from palm oil in different solvent environments; *alkenes and 

dienes from C18:1 

 

 

Formula Hydrocarbons Average % Formula Hydrocarbons Average % Formula Hydrocarbons Average % 

C₁₅H₃₀ Pentadecene  2.15 C₁₅H₃₀ Pentadecene  4.5 C₁₅H₃₀ Pentadecene  7.5 

C₁₅H₃₂ Pentadecane 1.5 C₁₅H₃₂ Pentadecane 3 C₁₅H₃₂ Pentadecane 3.5 

C₁₈H₃₆ 5-Octadecene 1 C₁₈H₃₈ Octadecane 1.75 C₁₈H₃₈ Octadecane 3.75 

C₁₇H₃₄ 1-Heptadecene 0.4 C₁₇H₃₄ 1-Heptadecene 3 C₁₇H₃₄ 1-Heptadecene 4.5 

C₁₆H₃₄ Hexadecane 3.2 C₁₆H₃₄ Hexadecane 3.5 C₁₆H₃₄ Hexadecane 3.5 

C₁₄H₂₄ 1,13-tetradecadiene* 3 C₁₄H₂₄ 1,13-tetradecadiene* 4 C₁₄H₂₄ 1,13-tetradecadiene* 4 

C₁₇H₃₄ 8-Heptadecene 2.1 C₁₇H₃₆ Heptadecane 3.5 C₁₇H₃₆ Heptadecane 6.5 

C₁₂H₂₄ dodecene 1.5 C₁₃H₂₈ tridecane 3 C₁₃H₂₈ tridecane 5.5 

C₁₅H₃₀ 1-Pentadecene 1.5 C₁₅H₃₀ 3-Pentadecene 2 C₁₃H₂₆ 3-tridecene 3 

C₁₇H₃₆ Heptadecane 1.6 C₁₇H₃₆ Heptadecane 1.6 C₁₇H₃₆ Heptadecane 6 

C₁₈H₃₄ 9-Octadecene 1.25 C₁₈H₃₄ 9-Octadecene 1.25 C₁₉H₃₈ 3-nonadecene 3 

C₁₅H₃₀ Pentadecene  3.2 C₁₅H₃₀ Pentadecene  3.2 C₂₀H₄₂ Eicosane 5 

C14H26 1,13-tetradecadiene* 3 C14H26 1,13-tetradecadiene* 3 C₁₈H₃₂ 3-octadecadiene* 3.5 

C₃₀H₆₂ Triacontane 3 C₃₀H₆₂ Triacontane 3 C₃₀H₆₂ Triacontane 6.5 

C₃₅H₆₈ 17-Pentatriacontene* 5.5 
 

Pentatriacontene* 3.5 C₃₄H₆₈ Tetratriacontene* 3.5 

C₃₂H₆₄ Dotriacontane 2.5 C₃₂H₆₄ Dotriacontane 2.5 C₃₂H₆₄ Dotriacontane 4 
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MeOH:Water (75:25) EtOH:Water (75:25) MeOH:EtOH:water (41.66 :41.66 :16.67%) 

Formula Alcohol Average % Formula  Alcohol Average % Formula  Alcohol Average 

C₁₅H₃₁OH Pentadecanol 0.8 C₁₅H₃₁OH Pentadecanol 5.5 C₁₅H₃₁OH Pentadecanol 2.5 

C₁₆H₃₃OH Hexadecanol 3 C₁₄H₂₉OH Tetradecanol 3 C₁₄H₂₉OH Tetradecanol 2.5 

C₁₇H₃₅OH Heptadecanol 4.2 C₁₇H₃₅OH Heptadecanol 4.35 C₁₇H₃₅OH Heptadecanol 2.75 

Aldehydes 

Formula Aldehyde Average % Formula  Aldehyde Average % Formula  Aldehyde Average 

C₁₆H₃₂O Hexadecanal 1.8 C₁₅H₃₀O Pentadecanal 3.5 C₁₅H₃₀O Pentadecanal 3.5 

C₁₈H₃₆O Octadecanal 1.5 C₁₆H₃₂O Hexadecanal 4 C₁₆H₃₂O Hexadecanal 4 

 

Table 5-12: Types of alcohols and aldehydes formed after the electrolysis of mixture of fatty acids derived from base hydrolysis of coconut oil in 

different solvent environments 

 



5.5 Conclusion 

In this study, a green electrochemical process is developed to produce bio-based hydrocarbons 

from vegetable oils using a low cost KOH as base and supporting electrolyte. The base 

hydrolysis described in this study can successfully convert triglycerides present in vegetable 

oils into fatty acids at a moderate temperature (110 oC) and non-toxic aqueous and ethanol 

solvents.  

The study shows a green and safe electrochemical approach for the production of useful and 

bio-based chemicals like hydrocarbons, alcohols and aldehydes using non-commercial Pt 

electrodes. The Kolbe electrolysis of mixture of 6 fatty acids derived from coconut oil and 2 

fatty acids derived from palm oil gives 73.55 % and 73.25 % of hydrocarbons in 

MeOH:EtOH:water (41.66 :41.66 :16.67%) solvent system, along with alcohols and aldehydes 

and with highest percentage of substrate acid dissociation. The nearly identical hydrocarbon 

yields (73.55% and 73.25%) for coconut oil and palm oil fatty acids in the same 

EtOH:MeOH:water solvent system indicate that the solubility of carboxylate anions does not 

significantly impact hydrocarbon yields in Kolbe electrolysis,  and water-insoluble long-chain 

fatty acid salts, can also lead to the substantial hydrocarbon production. 

The strategy works well that Kolbe electrolysis can be used as a green and low cost approach 

for the synthesis of hydrocarbons from renewable sources. However, further improvement in 

optimization of selectivity and mechanistic study of radicals formed on the electrodes surface 

needs to be studied in future.
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Chapter 6 Synthesis of FAME from coconut oil and their 

application in lubricants formulation 

In this chapter, the synthesis of fatty acid methyl ester (FAME) from coconut oil and their 

application as a base oil in comparison with coconut oil in lubricants formulation are presented. 

The FAME (also called biodiesel) was synthesized via both transesterification and electrolysis 

techniques. Different experimental parameters were applied to investigate the FAME yield. 

The lubricants were formulated by using coconut oil and their FAMEs as base oils, in 

combination with Beeswax (BW) as thickener. Before the description of the experimental part 

and discussion of the main results, short highlights of the research activities and an introduction 

is presented. Materials and instrumentations for characterizations were reported in the chapter 

3. 

6.1 Research Highlights 

This chapter contains the following research activities. 

(e) Formulation of FAME from coconut oil via transesterification and electrolysis 

techniques 

(f) Effect of different experimental conditions on the FAME yield 

(g) Application of coconut oil and FAME obtained from coconut oil, as a base oil for the 

formulation of lubricants in combination with beeswax as thickener 

6.2 Introduction 

The world’s energy majorly sourced from fossil fuel which are scarce and will deplete soon 

due to high demand. An increase in the utilization of fossil fuels leads to increase in local air 

pollution and deterioration of global warming especially through release of CO2 [156]. The 

demand for sustainable green lubricants are urgent for replacement of the fossil-based 

lubricants due to environmental effects and sustainability problems [157]. As the global climate 

continues to change, and oil continues to become scarcer, there is growing concern on 
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sustainable solutions to current practices [158]. Studies shows that in Europe, 5.2 million tons 

of lubricants are used annually, whose 20% is discharged into the environment [159].  

A key approach to reducing dependance on fossil fuels is the use of biodegradable lubricants 

which offer environmental and health advantages over petroleum-based alternatives [160]. 

Many biolubricants are biodegradable, environment friendly with no risks to the users [161]. 

Biolubricants base oils can be obtained from renewable sources such as vegetable oils and 

animal fats which are safe for humans and ecosystem. 

Vegetable oils for biolubricants are produced from plant seeds exhibiting excellent properties 

which can directly be used as a base oil or can be modified to improve their properties. 

Vegetable oils as a direct source of base oil are the most commonly used feedstock for 

biolubricants production due to their availability and convenience. These oils consist of 

triglycerides and three straight-chain fatty acids [162]. The high viscous properties of vegetable 

oils make them good candidate for many applications including lubrications. Many vegetable 

oils such as jojoba oil, crambe oil, soybean oil have many industrial applications like plastics, 

resins, detergents, lubricants, and solvents [163].  

For the biolubricants production, the modification of vegetable involves a two-stage 

transesterification process. In the first stage, triglycerides react with alcohol such as methanol 

or ethanol to produce another fatty acid methyl/ethyl esters (FAME/FAEE), also called 

biodiesel, which can directly be used as a based oil for lubricants. Methanol is most preferred 

because of easy solubility of catalyst NaOH or KOH and fast reaction with triglycerides [164]. 

The second step is the reaction of methyl esters with polyols to produce tri-esters, which are 

biolubricants.  

The esters including FAME/FAEE (biodiesel) are the widely used marketed bio-based 

lubricants [165], [166]. They can be derived by the transesterification or electrolysis of 

vegetable oils using monofunctional alcohols [167], [168]. One disadvantage of FAME/FAEE 

as a based oil are their low cold flow properties (CFPs) and for this purpose additives like pour 

point depressants are often used to improve their low CFPs [169].  

Many factors impact the transesterification and electrolysis process for the poduction of 

FAMEs from vegetable oils. The first important factor is the molar ratio of alcohol/oil. The 

molar ratio of alcohol/oil influence the production cost, yield and conversion efficiency of the 

process [170]. To increase the contact between the triglyceride and alcohol molecules and to 

increase the solubility, it is essential to increase the molar ratio more than the stiochiometric 

ratio which is 3:1. Generally 4-6:1 or high are effective for efficient conversion [171]. The high 

amount of alcohol leads the breaking down of the bond between the glycerin and fatty acids in 



 89 

the vegetable oils [172]. Patil et al., used acid catalyzed esterification reaction for the 

conversion of jatropha and karanja oils to esters at 80% to 95% respectivelly, at 6:1 molar ratio 

[173]. The next important factor is the reaction temperature. The reaction temperature effects 

the yield of  FAME from vegetable oils. It is important to maintain the temperature below the 

boiling point of alcohols to avoid evaporation for the FAME synthesis through both 

transesterification and electrolysis processes [174]. It is evident from the Istiningrum et al. that 

increase in temperature below the boiling point of alcohol results in the increase FAME yield 

[175]. The nature of catalyst is also an important factor in the transesterificatio reaction. 

Catalyst amount or loading can broadly effect the FAME yiled in the transesterification or 

electrlysis reaction. Catalyst amount are normally taken in the weight % of oil amount. Hussein 

et al. investigation shows that by increasing the catalyst amount from 0.8% to 1.5% (w/w) 

results in in the conversion yield from 2% to 98% [176].  

This chapter highlights the synthesis of FAME (biodiesel) from coconut oil via boht 

transesterification and electrolysis techniques. Different experimental parameters like 

alcohol/oil molar ratio, temperature, KOH amount and current intensity on the FAME yield 

were investigated and dicussed. The procedure and application of coconut oil and FAME from 

coconut oil, as a base oil in combination with natural beeswax (BW) as thickener for the 

formulation of lubricants are explained. The physiochemical properties like hardness, flow and 

viscour behavior of synthesized lubricants were also investigated and discussed.  

6.3 Methodology 

6.3.1 Preparation of FAME by transesterification method 

The transesterification and electrolysis reaction were performed for producing FAME from 

coconut oil. For the transesterification process, coconut oil was taken and mixed with KOH 

catalyst solution in MeOH as an alcohol (Scheme 6-1). The mixture was refluxed at different 

temperature ranges (25°C, 40°C, 50°C and 70°C) to investigate the FAME yield. Different 

molar ratios (3:1, 4:1, 6:1, 9:1 and 12:1) of MeOH/oil were tested. The KOH amount in varying 

proportions i.e., 0.5%, 1%, 1.5%, and 2% of the oil weight were tested. In detailed procedure, 

10 g of coconut oil (average molar mass: 218 g/mol, the average molar mass was calculated 

based on the fatty acid profile, as discussed in chapter 4) was taken and melted at a temperature 

of 50–60 °C. A KOH catalyst solution was prepared by dissolving 0.1 g of KOH (1% of the oil 

weight) in 3.23 g of methanol (corresponding to a 6:1 molar ratio of MeOH to oil). The 
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prepared catalyst solution was then added to the melted oil, and the mixture was refluxed at 

50°C for 1.5 hours with continuous stirring. The temperature was recorded using thermometer. 

After completion, the mixture was transferred into the separatory funnel and allowed to settle 

down the glycerol as shown in Figure 6-1. The upper layer was the fatty acid alkyl ester 

(biodiesel) which was collected by removing the lower glycerol and weighted. Before injecting 

into GC/MS, the FAME was further dried over anhydrous sodium sulfate. The yield percentage 

of fatty acid methyl ester was calculated by the following equation 1: 

 

 

FAME % yield =
Weight of FAME 

Weight of oil used
∗ 100      (Eq. 1) 

 

 

 

Scheme 6-1: Schematic representation of synthesis of FAME from coconut oil 
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Figure 6-1: Representation of fatty acid methyl ester (FAME) and glycerol after 

transesterification reaction 

6.3.2 Preparation of FAME using electrolysis method 

The ElectraSyn 2.0 cell (as discussed in chapter 3 and 4) was equipped with two non-

commercial platinum electrodes. The 20 mL vial was filled with a mixture consisting of 

coconut oil, MeOH, KOH, and water. In detail procedure, 14 g of coconut oil (average molar 

mass: 218 g/mol) was mixed with 3.86 ml of MeOH with molar ratio of 6:1. Potassium 

hydroxide was added as a supporting electrolyte at 1 wt.% of the oil's weight, dissolved in 2 

ml of distilled water. The electrolysis reaction was carried out at room temperature under a 

constant current of 70, 80 and 100 mA for 2 hours at 600 rpm using magnetic stirrer. The nature 

of Ika ElectraSyn 2.0 instrument, nature and arrangement of electrodes and further procedure 

were same as discussed in chapter 3 and 4. After completion, the product was transferred to 

separatory funnel and left for 10-20 minutes to allow the FAME and glycerol phases to 

separate. The glycerol phase was removed carefully, and FAME phase was washed with 

distilled water to remove residual including traces of potassium hydroxide and unreacted 

methanol to get pH of 7. The yield of FAME was calculated using formulas shown in Equation 

1. Before injecting into GC/MS, the mixture was rewashed with distilled water and then heated 

at 80°C to ensure complete removal of impurities and contaminants and then treated with 

anhydrous sodium sulfate.  
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6.3.3 Formulation of lubricants using FAME and Beeswax 

After preparation of FAME mixture from coconut oil by transesterification method, both 

FAME and coconut oil was used as a base oil in combination with beeswax (BW) as a thickener 

for the synthesis of lubricants. The lubricants were prepared according to the following 

procedure, as reported with little modifications [177]. The two types of base oil (coconut oil 

and FAME mixture of coconut oil) containing beeswax as a thickener (the BW concentrations 

were 20%, 25% and 35%) were heated in beakers separately at a temperature of 70 °C to ensure 

proper melting and homogenization. Afterwards, they were removed from hot-plate, mixed and 

mechanically stirred for 10-15 min with a magnetic stirrer at 700 rpm and 50 °C, until 

homogenizations occurred. Finally, the mixture was cooled and then mechanically stirred using 

VELP shaker at 1000 rpm for 1 hour with carefully mixing to avoid agglomeration (Scheme 

6-2). The formulations prepared in the experiments are presented below; 

 

a. CO+35BW – Coconut oil (CO) base oil, mixed with 35% beeswax (35BW) 

b. CO+25BW – Coconut oil (CO) base oil, mixed with 25% beeswax (35BW) 

c. CO+20BW – Coconut oil (CO) base oil, mixed with 20% beeswax (35BW) 

d. F-CO+35BW – FAME from coconut oil (F-CO) base oil, mixed with 35% beeswax 

(35BW) 

e. F-CO+25BW – FAME from coconut oil (F-CO) base oil, mixed with 25% beeswax 

(35BW) 

f. F-CO+20BW – FAME from coconut oil (F-CO) base oil, mixed with 20% beeswax 

(35BW) 

 

Scheme 6-2: Schematic representation of formulation of lubricants using coconut oil and their 

FAME as base oil, and beeswax as thickener 
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6.4 Results and discussion 

6.4.1 GC/MS analysis of FAME formed through transesterification 

Gas chromatography/Mass spectrometry was used to investigate the contents and percentage 

of the product. The GC/MS chromatogram of FAME formed by transesterification of coconut 

oil (Figure 6-2) shows the type and percentage of fatty acid methyl esters present in biodiesel 

(Table 6-1).  

 

 

 

Figure 6-2: GC/MS chromatogram of FAME obtained after transesterification reaction 

The FAME profile of the biodiesel obtained after transesterification was investigated by GC-

MS, showing the composition of methyl esters. The lauric acid methyl ester (C12:0) with 33%, 

tetradecanoic acid methyl ester (C14:0) with 18.7%, and 13-octadecanoic acid methyl ester 

(C18:1) with 17.8%, combinedly constitute 69.5% of the FAME product.  Other FAMEs are 

Hexadecanoic acid methyl ester (C16:0) at 16% and octadecanoic acid methyl ester (C18:0) at 

7.4%. The other methyl esters including octanoic acid methyl ester (C8:0), decanoic acid 

methyl ester (C10:0), tridecanoic acid methyl ester (C13:0), and some long chain esters such 
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as eicosanoic acid methyl ester (C20:0), contribute minor percentages, ranging between 0.1% 

and 2.9%. A little percentage of 1.2% of total percentage were undetected by instrument 

(named undetected peaks) which might be because of unidentified components or impurities 

in the biodiesel. 

Compound Formula Percentage % Retention Time 

Octanoic acid methyl ester C8:0 2 3.689 

Decanoic acid methyl ester C10:0 2.9 4.887 

Undecanoic acid methyl ester C11:0 0.1 5.428 

lauric acid methyl ester C12:0 33 5.941 

tridecanoic acid methyl ester C13:0 0.6 6.422 

tetradecanoic acid methyl ester C14:0 18.7 6.885 

Hexadecanoic acid methyl ester C16:0 16 7.726 

13-octadecanoic acid methyl ester C18:1 17.8 8.413 

octadecanoic acid methyl ester C18:0 7.4 8.498 

11-Eicosanoic acid methyl ester C20:1 0.3 9.178 

Eicosanoic acid methyl ester C20:0 0.4 9.178 

Undetected peaks  1.2  

 

Table 6-1: Result of FAME profile analyzed by GC/MS, their percentages and retention times 

after transesterification reaction 

6.4.2 Effect of experimental parameters 

Three experimental parameters i.e., MeOH/oil molar ratio, temperature and KOH amount was 

investigated to analyze the FAME yield through transesterification reaction. 

6.4.3 Effect of MeOH/oil ratio 

Figure 6-3 shows the impact of the MeOH/oil molar ratio on the FAME yield after 

transesterification. As the MeOH/oil ratio increases, the FAME yield also increases, showing 

a direct relation between methanol availability and product yield. At a 3:1 molar ratio, the 

FAME yield is 76%, which increases to 85.5% at a 4:1 ratio. The yield further increases to 

87.65% at a 6:1 ratio, which is the optimal ratio in transesterification reactions. The yield 

further continues to increase till 89% at a 9:1 ratio and 93.5% at a 12:1 ratio. This trend 
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confirms that an excess amount of methanol promotes the conversion efficiency because the 

access amount of MeOH increase the solubility and helps in breaking the bonds between 

glycerin and fatty acids in triglycerides [178].  

 

 

Figure 6-3: Effect of MeOH/oil molar ratio on the FAME yield from coconut oil through 

transesterification reaction, the other parameters were as follows: KOH = 1% of oil wt., 

temperature = 50 °C 

6.4.4 Impact of KOH amount on transesterification reaction 

The impact of varying KOH concentrations on the fatty acid methyl ester (FAME) yield was 

examined and the results are shown in Figure 6-4. At 0.5 wt.% KOH, the FAME yield was 

85%. Increasing the KOH concentration to 1 wt.% resulted in a higher yield of 92%. However, 

1.5 wt.%  of KOH led to a little decrease in yield to 91%. Notably, at 2 wt.% KOH, the FAME 

yield further decreased to 84.5%. These results suggest that by increasing the KOH 

concentration generally increases FAME yield and with an optimal concentration beyond 

which the yield might be plateau or slightly decreased. The initial increase in FAME yield with 

increased KOH amount might be because of enhanced catalytic activity, which accelerates the 

transesterification process. The observed decrease in yield at 1.5 wt.% KOH may be because 

of the saponification reactions, where excess KOH reacts with free fatty acids to form soap, 
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and inhibiting ester formation. This phenomenon are in agreement with the results of O.J. 

Alamu et al. who present an optimal KOH concentration of 1 wt% for transesterification of 

palm kernel oil, beyond which yields decreases due to soap formation [179]. 

 

Figure 6-4: Effect of KOH concentration on the FAME yield from coconut oil through 

transesterification reaction, the other parameters were as follows: MeOH/oil ratio = 6:1, 

temperature = 50 °C 

6.4.5 Impact of temperature on transesterification reaction 

The impact of reaction temperature on FAME yield after transesterification are shown in 

Figure 6-5. The FAME yield was highest at 97.5% at 25°C, showing that the reaction was most 

efficient at this temperature. However, as the temperature increased, the FAME yield also 

decreased to 91.5% at 40°C, 89% at 50°C and to 84.5% at 70°C. These results demonstrate a 

negative correlation between reaction temperature and FAME yield beyond 25°C, indicating 

that elevated temperatures might disturb reaction equilibrium. The observed decline in FAME 

yield with increased temperatures can be attributed to several factors. Increased temperatures 

may accelerate side reactions, such as saponification reaction. Additionally, higher 
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temperatures can also increase methanol evaporation, decreasing its availability for the 

reaction. A recent study by Barboza et al. highlights the benefits of lower temperatures in 

biodiesel production, founded that conducting the transesterification process at 30 °C 

minimized acidity without compromising yield [180]. Similarly, Nwakuba et al. reported that 

increased temperature 65 °C could lead to methanol evaporation minimizing the FAME yield 

[181].  

 

Figure 6-5: Effect of reaction temperature on the FAME yield from coconut oil through 

transesterification reaction, the other parameters were as follows: MeOH/oil ratio = 6:1, KOH = 

1 wt.% of oil 

6.4.6 Synthesis of FAME through electrolysis technique (GC/MS analysis) 

Gas chromatography/Mass spectrometry was used to investigate the contents and percentage 

of the product after electrolysis technique. The GC/MS chromatogram of FAME (Figure 6-6) 

shows the type and percentage of fatty acid methyl esters profile present in biodiesel (Table 6-

2).  
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Figure 6-6: GC/MS chromatogram of FAME obtained after electrolysis reaction 

 

The FAME profile of the biodiesel obtained after electrolysis experiment was investigated by 

GC-MS, showing the composition of methyl esters. Lauric acid methyl ester (C12:0) with the 

highest percentage at 29%, followed by tetradecanoic acid methyl ester (C14:0) and 

Hexadecanoic acid methyl ester (C16:0) at 25% and 18% respectively. Unsaturated 9-

octadecanoic acid methyl ester (C18:1) constitutes 14% of the total. The octanoic acid methyl 

ester (C8:0), decanoic acid methyl ester (C10:0)  and tridecanoic acid methyl ester (C13:0) are 

present in minor amount as 3%, 3.8%  and 1.8% respectively. The number of peaks which are 

undetected by GC/MS are accounted for 1.9%.  
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Compound Formula Percentage % Retention Time 

Octanoic acid methyl ester C8:0 3 3.678 

Decanoic acid methyl ester C10:0 3.8 4.887 

lauric acid methyl ester C12:0 28.4 5.946 

tridecanoic acid methyl ester C13:0 1.8 6.195 

tetradecanoic acid methyl ester C14:0 24 6.885 

Hexadecanoic acid methyl ester C16:0 16 7.726 

9-octadecanoic acid methyl ester C18:1 14 8.413 

octadecanoic acid methyl ester C18:0 6.7 8.433 

Eicosanoic acid methyl ester C20:0 1 9.178 

Docosanoic acid methyl ester C22:0 0.4 10.839 

Sum of undetected peaks  1.9  

 

Table 6-2: Result of FAME profile analyzed by GC/MS, their percentages and retention times 

after electrolysis reaction 

6.4.7 Effect of experimental parameters 

Two experimental parameters i.e., current intensity and MeOH/oil molar ratio was investigated 

to analyze the FAME yield through electrolysis technique. 

6.4.8 Impact of current intensity 

The current intensity and applied potential have wider effect on the FAME yield. As shown in 

Figure 6-7, at 70 mA, the FAME yield was 88.5%, which was increased to 94% at 80 mA. The 

maximum FAME yield of 96.5% was observed at 100 mA. These results highlight that 

increasing current intensity also increases the efficiency of the electrolysis process, to a higher 

yield of FAME. The increase in FAME yield with increase current intensities are due to the 

increased rate of electrochemical reaction. The continues production of hydroxide ions at the 

cathode might react with available methanol and oil which can enhance the product yield [182]. 
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Figure 6-7: Effect of current intensity on the FAME yield from coconut through electrolysis 

reaction, the other parameters were as follows: MeOH/oil ratio = 6:1, KOH = 1 wt.% of oil 

6.4.9 Effect of MeOH/oil ratio 

Figure 6-8 shows the effect of different methanol/oil molar ratios on FAME yield during the 

electrolysis process. MeOH/oil in 3:1 yielded 81% of FAME. The highest yield 96% was 

observed when methanol/oil was used in 12:1 molar ratio. The trend shows a positive 

correlation between the MeOH/oil ratio and FAME yield, indicating the importance of enough 

methanol for efficient conversion. The reason can be attributed that the excess methanol 

ensures complete conversion of triglycerides, reducing the chances of incomplete reactions. 

This effect has been explained in studies where increasing the MeOH/oil ratio led to higher 

biodiesel yields [183]. 
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Figure 6-8: Effect of MeOH/oil molar ratio on the FAME yield from coconut through electrolysis 

reaction, the other parameters were as follows: current intensity = 70 mA, KOH = 1 wt.% of oil 

6.4.10 Physiochemical characterization of lubricants 

The formulated lubricants using FAME, coconut oil (as base oil) and beeswax (BW) was 

characterized by using penetrometer and rheometer tests to investigate their lubricity behavior. 

Details of each test are given below:   

6.4.11 Penetrometer test 

The consistency or hardness of lubricants were determined by using penetrometer. The 

consistency was measured by determining the penetration depth of a standardized cone into the 

lubricants sample at room temperature. The penetration value was then related to National 

Lubricating Grease Institute (NLGI) levels to determine the hardness of the grease as shown in 

Table 6-3.  
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NLGI Grade Worked Penetration  Appearance 

000 445-475 Fluid 

00 400-430 Fluid 

0 355-385 Very Soft 

1 310-340 Soft 

2 265-295 Moderately Soft 

3 220-250 Semi-Fluid 

4 175-205 Semi-Hard 

5 130-160 Hard 

6 85-115 Very Hard 

 

Table 6-3: ASTM standard NLGI classification system based on lubricants consistency 

 

The consistency of grease is an important property that determines the ability to provide 

lubrication and maintain mechanical integrity in various applications. The results of all the 6 

lubricants samples are shown in Table 6-4. The penetration of each sample was determined 

two times using penetrometer and the average was compared with ASTM grade NLGI 

standards. It was concluded from the results that the BW increases the hardness of the 

lubricants, as 35% in both coconut oil based and FAME based lubricants shows NLGI of 4 and 

2 respectively, which shows much hardness as compared to 25% and 20% of BW in both 

samples. 

 

Sample Penetrations Average NLGI 

CO+35BW 181, 177 179 4 

CO+25BW 289, 273 281 2 

CO+20BW 305, 281 293 2 

F-CO+35BW 285, 261 273 2 

F-CO+25BW 329, 351 340 1 

F-CO+20BW 360, 350 355 0 

 

Table 6-4: The result of penetrometer test, including penetration values of doublet trails, their 

average, and NLGI value of each sample (compared with ASTM grade NLGI standards) 
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6.4.12 Rheometer tests 

Rheometer tests was used for the deep analysis of lubricants, particularly for understanding the 

viscoelastic properties and flow behavior of lubricating materials. Three types of tests i.e., (1) 

viscosity vs temperature, (2) tack test, (3) flow test (a) shear rate vs shear stress, (b) viscosity 

vs shear rate and (c) storage modulus (G')/loss modulus (G") vs shear stress was conducted to 

gain following information: viscoelastic behavior, yield stress determination, flow behavior 

and thixotropy, temperature sensitivity and performance under shear. The results of each test 

are shown below: 

6.4.13 Viscosity vs temperature 

The results of rheological study of 6 samples of coconut oil and their FAME based lubricants 

are shown in Figure 6-9, to evaluate their behavior of temperature dependent viscosity. The 

viscosity of all the lubricants samples decreases with increasing temperatures, which is a 

common behavior of lubricating substance under thermal conditions. In general, different 

samples show different behavior with increasing temperature. Overall, coconut oil-based 

formulations show higher viscosities at the same BW% compared to FAME based 

formulations. This might be because of larger triglyceride molecules with stronger 

intermolecular forces. At low temperatures (0°C to around 9°C), the coconut oil-based 

lubricants show an irregular viscosity trend which might be because of partial crystallization 

of the coconut oil with BW at low temperatures. The  triglyceride structure tends to form a 

mixture of solid and liquid phases near freezing conditions. With the temperature rises to 

around 40°C - 50°C, viscosities of all samples drop sharply which might be because of melting 

behavior of both oil and BW. The possible reason for the inconsistency in the viscosity can be 

because of the  inhomogeneity, thermal breakdown or evaporation.  
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Figure 6-9: Viscosity vs temperature profile of lubricants, the temperature range was 0-80 °C 

6.4.14 Tack test 

The purpose of the tack test was to investigate the ability of lubricants to adhere to surfaces 

under separation, where motion can cause lubricant dis-attachment. During the test, the normal 

force required to separate two surfaces with a layer of lubricants between, was measured 

against the increasing gap. The result of the tack test of all samples are shown in Figure 6-10, 

showing that the coconut oil-based lubricants exhibit a sharp slope in tackiness, representing 

more sticky behavior because of triglyceride nature. All the samples having FAME as a base 

oil exhibit a gentle slope, showing minimum stickiness. In all samples, the higher beeswax 

concentration corelates with strong adhesive forces, for example CO-35BW sample shows the 

highest adhesive force at the smallest gap, showing a strong interaction due to the higher BW%. 

As the gap increases, the force rises toward equilibrium, and breakdown of the adhesive 

network.  
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Figure 6-10: Result of tack test of 6 samples of lubricants 

6.4.15 Flow test 

The flow tests were conducted to investigate the flow behavior of each sample. This property 

is important for applications where the grease must stay in place without flowing under the 

force. Three types of flow test were conducted on each sample. The details of each test are 

given below: 

6.4.16 Shear rate vs shear stress 

The purpose of the shear rate vs shear stress is the yield stress of all samples, which is the 

minimum force necessary to cause them to start flowing. The results of all the samples are 

shown in Figure 6-11. Overall, the coconut-based lubricants show higher shear stress as 

compared to FAME based samples. Furthermore, the samples having higher concentration of 

BW also shows higher resistance to flow. For example, the CO+35BW sample exhibits the 
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highest shear stress across all shear rates, indicating a significant resistance to flow due to the 

triglyceride nature and high beeswax content.  

 

Figure 6-11: Shear rate vs shear stress profile of all the lubricant samples 

6.4.17 Viscosity vs Shear rate 

This test was conducted to investigate the change in viscosity of a lubricants with the shear 

rate. Figure 6-12 shows the viscosity profile against shear rate for the same set of greases. 

Typically, as the shear rate increases, the viscosity of the greases decreases, exhibiting shear-

thinning behavior, which is common in non-newtonian fluids like lubricants. Lubricants based 

on coconut oil and especially with high BW concentrations shows higher initial viscosities at 

low shear rates, and then slowly drop down with increase in shear rate. The FAME based 

lubricants are comparatively shear-thinning, meaning that they are less viscous as they are 

sheared. These kinds of lubricants are important in applications where the lubricants are needed 

to be pumped or flow into small spaces under operating conditions.  
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Figure 6-12: Viscosity vs shear rate profile of all the lubricant samples 

6.4.18 Storage modulus (G')/loss modulus (G") vs shear stress 

The purpose of the storage modulus (G') and loss modulus (G") versus shear stress test was to 

investigate their ability to store elastic energy (G') and dissipate energy as viscous flow (G") 

under different shear stresses. This test provides detail information into the balance between 

the solid and liquid-like properties of the lubricants. Figure 6-13 represents the result of storage 

modulus (G') and loss modulus (G'') with the increasing shear stress of all the samples. The 

coconut oil-based samples shows the higher G' and G" values across the shear stress range as 

compared to FAME based lubricants. Furthermore, the increased BW content through all 

samples shows the trend of G' dominating over G" at low shear stresses, representing strong 

elastic behavior. As shear stress increases, G' decreases, transitioning the lubricant to a more 

liquid like state.  
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Figure 6-13: Storage modulus (G') and loss modulus (G") versus shear stress profile of all the 

lubricant samples 
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6.5 Conclusion 

In this study, FAME (biodiesel) production from coconut oil through transesterification and 

electrolysis techniques are developed. A variety of effecting factors such as MeOH/oil molar 

ratio, temperature, current intensity and catalyst amount were investigated and concluded that 

these parameters can be used for controlling and adjusting the yield and quantity of the FAME. 

Higher MeOH/oil ratio leads to higher product yield, in both transesterification and electrolysis 

techniques. Using transesterification, 93.5% of yield can be obtained at MeOH/oil molar ratio 

of 12:1, at  temperature of 50 oC and 1 wt.% of KOH amount. Using electrolysis technique, 

96.5% of FAME can be obtained using 6:1 molar ratio of MeOH/oil and 1 wt.% of KOH.  

Furthermore, the application of coconut oil and FAME, as a base oil for lubricants formulation 

concluded that both can be used for the synthesis of bio-lubricants. Both transesterification and 

electrolysis reactions can be directly used as the starting technique for the synthesis of bio-

lubricants. However, coconut oil shows more superior performance in term of high viscosity, 

adhesive force and high shear stress. Further improvements as investigations of additives role 

to improve the performance needed to be studied in future.
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Chapter 7 Formulation of Bentonite-based greases 

In this chapter, the 6-months research activities performed at a lubricant expert company 

(Bellini S.P.A) are presented. The research project was to formulate biodegradable bentonite-

based greased (BBG), having similar properties with the commercial greases (CG). The initial 

phase of the project was to analyze different commercial greases (CG) to collect extensive data 

and developing solid understanding of grease properties. Following the analysis of CG, we 

prepared our own bentonite-based greases (BBG) and compare their rheological behavior, 

tribometry analysis, oxidation stability and other key parameters with the CG. We also prepared 

lithium-based greases (LBG) to investigate its wear, friction and extreme pressure (EP) 

lubricating properties. This in-depth comparative analysis allowed for the assessment of the 

potential of BBG to serve as effective and environmentally friendly substitutes. The research 

activities, methodology and results are explained step by step in this chapter, while materials 

and instrumentation were reported in chapter 3.  

Note: It is important to mention that in this chapter, the commercial names of the components 

are intentionally omitted to respect the confidentiality agreement established with the company 

involved in this research. This agreement ensures the protection of proprietary information and 

aligns with the company's privacy policies. As a result, general names are used to represent 

each component, providing clarity while upholding the terms of the confidentiality 

arrangement. Also, the name of commercial greases is omitted and the compared results are 

shown. 

6.1 Highlights of research activities 

This chapter contains the following research activities. 

(h) Analysis of different commercial greases (CG) through different analytical techniques.  

(i) Preparation of bentonite-based grease (BBG) and comparison of their properties with 

commercial greases (CG) 

(j) Preparation of lithium-based greases (LBG) to investigate their wear, friction and 

extreme pressure (EP) lubricating properties 
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6.2 Experimental part: 

6.2.1 Preparation of bentonite-based grease (BBG)  

For BBG formulations, three types of components were used i.e., (a) Bentonite clay, (b) 

saturated vegetable oil as base oil and (c) activator for facilitating dispersion and enhancing 

thickness. The grease formulation procedure involves a step-by-step mixing to ensure the 

proper dispersion and to optimize the parameters for obtaining desired consistency/hardness 

with NLGI 2 (Scheme 7-1). Initially, the bentonite clay and base oil were combined and 

blended, using a disperser. This mixing step is important to uniform distribution of the clay 

within the base oil. Following this initial blending, the mixture was transferred to a VELP 

shaker, where dropwise addition of the activator was carried out. The activator was consisted 

of a mixture containing 95% propylene carbonate and 5% water. Following changes were 

applied to optimize the experimental conditions for getting consistency with NLGI 2: 

concentration of components, disperser duration (5-15 mints), VELP speed (400-1000 rpm), 

VELP mixing time (5-20 mints).  

 

Scheme 7-1: Schematic representation of formulation of lubricants using coconut oil and their 

FAME as base oil, and beeswax as thickener 

 

Four types of bentonite clays were used and are named as (1) Clay-1, (2) Clay-2, (3) Clay-3, 

(4) Clay-4. The clay-1 and clay-2 differ in particle size and surface area, influencing their 

thickening efficiency and oil absorption capacity. The clay-3 and clay-4 vary in their chemical 
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modifications, which affect their thermal stability and compatibility with specific base oils. 

The prepared greases are named based on the number of clays used in the preparation, e.g., 

grease-1 means that clay-1 is used in the preparation and vice versa. All the laboratory prepared 

greases are collectively named as bentonite-based greases (BBG). After completion, the 

product was allowed to cool at room temperature and the consistency of the grease was 

determined using penetrometer and NLGI value was calculated based on the penetration value. 

The optimized concentrations of each component, penetration value and NLGI are shown in 

Table 7-1.   

 

Formulations FM1 FM2 FM3 FM4 

Base Oil ((wt. %) 77.0 83.2 86.4 83.2 

Clay-1 (wt. %) 19.2 - - - 

Clay-2 (wt. %) - 14 - - 

Clay-3 (wt. %) - - 11.8 - 

Clay-4 (wt. %)  - - 14.0 

Activator (wt. %) 3.8 2.8 1.8 2.8 

Penetration  280 273 297 285 

NLGI 2 2 2 2 

 

Table 7-1: Optimized concentrations of components for the formulation of bentonite-based 

greases with NLGI 2 

6.2.2 Preparation of lithium-based grease (LBG) 

The purpose of the preparation of LBG was to investigate its wear, friction and extreme 

pressure (EP) lubricating properties. Following materials were used for the preparation of 

lithium-based grease: (a) mineral oil as base oil, (b) 12-Hydroxistearic acid (12-HSA) (c)  

azelaic acid,  (d) Lithium hydroxide (LiOH). In a detailed procedure, the base oil was mixed 

with 12-HSA in a beaker using a VELP shaker at 400 rpm and heated at 100°C using a hotplate 

for 15 minutes. The temperature was recorded using a thermometer. This mixing step was 

crucial to ensure proper dispersion of the 12-HSA in the base oil. Then the azelaic acid was 

added to the mixture with continuous stirring. The acid was used to initiate the saponification 

reaction for the lithium soap. After 5 minutes of mixing, the LiOH was added to the mixture. 

At this point the reaction starts and impart structure to the grease. The temperature was 

decreased to 70 °C and the reaction was run for 1 hour with continuous stirring, to complete 
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saponification reaction, resulting in the formation of the lithium-based grease (Scheme 7-2). 

After completion, the product was allowed to cool at room temperature for 20 minutes and 

NLGI was determined using penetrometer test.  

 

 

Scheme 7-2: Schematic representation of formulation of lubricants using coconut oil and their 

FAME as base oil, and beeswax as thickener 

6.3 Results and discussion 

6.3.1 Analysis and comparison of CG  and BBG 

Different CG were analyzed and compared their properties with BBG. The CG were as follows: 

(1) Divinol Eco Grease LC 2EP (2) Divinol Lithogrease 2B (3) Aylisynt O EP (4) GR WW EP 

0 (5) Complex grease Li/RP B2 (6) Divinol Lithogrease 00 (7) Grease biodegradable (8) X-

Draw Bio 40 St (9) Divinol Lithogrease 7000, (10) Arvina EH2 (11) Arvina MB2. The Arvina 

EH2 and Arvina MB2 are the bentonite-based commercial greases. The results of different test 

are explained as follows: 

6.3.2 Rapid Small Scale Oxidation Test (RSSOT) 

The oxidation stability of few commercial grease and bentonite-based greases were 

investigated by using RapidOxi (RSSOT) apparatus. The results of the test with stopping 

criteria as 10% pressure drop, are shown in Table 7-2. The oxidation stability of commercial 

greases was much higher as compared to our grease, because it was known in advance that 

commercial grease contains many kinds of additive for the improved performance. Therefore, 

we further analyzed the CG by X-ray florescence (XRF) and atomic emission spectrometer 

(AES)  to investigate and confirm the presence of additives and other components.  
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Commercial grease Oxidation stability  Bentonite-grease Oxidation stability 

Divinol Lithogrease 00 661.15 mints Grease-1 38.5 mints 

Aylisynt o EP 139.12 mints Grease-1 41 mints 

GR WW EP 2 387.45 mints Grease-1 37 mints 

Divinol litho-grease 2B 930.45 mints Grease-1 42 mints 

Arvina EH2 907.72 mints - - 

Arvina MB2 347.65 mints - - 

 

Table 7-2: Oxidation stability of CG greases and BBG 

 

6.3.3 X-ray florescence (XRF) and atomic emission spectrometer (AES) 

Four of the CG (Divinol Lithogrease 2B, GR WW EP2, Arvina EH2 and Arvina MB2) were 

investigated using atomic emission spectrometer (Table 7-3) and X-ray florescence (XRF) 

(Table 7-4), for obtaining information about elemental analysis and additive detection. From 

the results it is shown that all the CG contains a lot of additives like Ni, Fe, S etc., which 

improved the oxidation stability and other lubricating properties. 
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Grease Elemental parts detected      

GR WW EP 

2 

Ag Al B Ba Ca Cd Ce Co Cu Fe Zn H H2 C C2 

0.00 0.00 0.02 0.03 146.90 0.02 5.60 0.67 0.07 0.27 0.46 5599 4270 18082 14552 

In K Li Mg Mn Mo Na Ni P Pb Si Sn Ti V W 

0.20 0.28 85.27 7.34 0.00 0.00 0.53 0.05 0.00 0.64 1.18 0.00 0.00 0.16 7.14 

 

Arvina EH2 

Ag Al B Ba Ca Cd Ce Co Cu Fe Zn Sn Ti V W 

0.01 400.29 0.17 0.31 173.1 0.00 4.99 0.51 0.52 196.63 108.49 8.71 3.74 9.20 0.00 

In K Li Mg Mn Mo Na Ni P Pb Si H H2 C C2 

0.01 4.09 0.19 71.82 0.19 379.61 23.98 0.00 0.00 0.00 1209 5780 4543 18536 14323 

 

Arvina MB2 

Ag Al B Ba Ca Cd Ce Co Cu Fe Si Sn Ti V W 

0.01 377.81 0.12 0.19 21.53 0.00 6.69 0.59 4.43 191.74 1208 10.91 3.29 11.53 0.00 

In K Li Mg Mn Mo Na Ni P Pb Zn H H2 C C2 

0.11 6.10 0.15 66.46 0.30 509.62 16.28 0.07 0.00 2.40 111.46 5818 4601 18708 14933 

 

Divinol 

lithogreas 

2B 

Ag Al B Ba Ca Cd Ce Co Cu Fe Si Sn Ti V W 

0.00 0.00 33.67 0.06 7.23 0.00 8.73 0.82 0.05 0.11 0.16 0.00 0.00 0.28 7.39 

In K Li Mg Mn Mo Na Ni P Pb Zn H H2 C C2 

0.29 0.11 132.42 0.11 0.00 6.05 0.63 0.09 13.09 0.04 13.43 5462 4394 17303 13970 

 

Table 7-3: Atomic emission spectroscopy (AES) results of four commercial greases 

  



 116 

 

Grease Elemental parts % 

Divinol 

Lithogrease 

2B 

Al Si P S Cl Fe Ni Cu Zn Mo Ag Ta - - - - 

10.3 7.04 10.9 51.8 9.88 2.76 0.47 0.8 4.14 1.14 0.221 0.538 - - - - 

  

GR WW EP2 Al Si P S Cl Ca Mn Fe Ni Cu Zn Ag Ba Sr - - 

10.1 7.13 8.16 27.5 6.83 31.7 1.33 3.91 0.47 1.23 0.214 0.229 0.812 0.274 - - 

  

Arvina EH2 Al Si P S Cl Fe Cu Zn Mo Ag Sr Nb Rh - - - 

3.5 10.4 1.9 57.7 1.6 4.6 0.07 1.74 7.49 0.029 0.03 0.21 0.06 - - - 

  

Arvina MB2 Al Si P S Cl Ca Fe Ni Cu Zn Mo Ag Cd Sn Ga Nb 

5.2 15.4 2.07 44.8 2.07 10.3 6.06 0.02 0.118 2.45 10.9 0.04 0.02 0.01 0.018 0.3 

 

Table 7-4: XRF results of four commercial greases 
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6.3.4 Rheometer tests 

Rheometer tests are important tools in the analysis of greases, particularly for understanding the 

viscoelastic properties and flow behavior of lubricating materials. Three types of tests i.e., (1) 

viscosity vs temperature (2) tack test and (3) flow tests i.e., (a) shear rate vs shear stress, (b) 

viscosity vs shear stress and (c) storage modulus/loss modulus vs shear stress of all CG and BBG 

were conducted in order to gain following information: viscoelastic behavior, yield stress 

determination, flow behavior and thixotropy, temperature sensitivity and performance under shear. 

The results of each test are shown below: 

6.3.5 Viscosity vs temperature test of CG and BBG 

The results of viscoelastic study of different CG, to evaluate the behavior of temperature dependent 

viscosity are shown in Figure 7-1. The viscosity of all the commercial grease samples decreases 

with increasing temperatures, which is a common behavior of lubricating substance under thermal 

conditions. In general, different samples show different behavior with increasing temperature. The 

grease e.g., Lithogrease 7000 and Lithogrease 2B shows initial decline with increasing temperature 

and then high stability with further increase in temperature. Other grease like Arvina MB2 and 

Arvina EH2 shows a steep viscosity decline at lower temperature. The samples like GR WW EP 

0, GR WW EP 1, GR WW EP 2 and Aylisynt 0 EP etc., shows a strong stability in viscosity with 

increasing temperatures while some samples like Divinol Eco grease LC 2 EP, Complex grease Li 

EP3 shows a non-linear relation of viscosity with sudden decrease and then increase indicating a 

separation of components or phase transition at specific temperature. Overall, the graph shows a 

different rheological profile of commercial greases which can be attributed to the variation in base 

oil, thickeners type and additives used in their formulations.  
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Figure 7-1: Viscosity vs temperature profile of different commercial greases. The temperature range 

was from 0-80 °C 

 

The viscosity vs temperature profile of  BBG were compared with CG especially bentonite-based 

commercial greases i.e., Arvina MB2 and Arvina EH2. The results revealed striking similarities 

and share comparable performance characteristics as shown in Figure 7-2. For all greases, 

viscosity decreases as the temperature increases. The decrease is quite steep at lower temperatures 

and levels off as the temperature rises. Arvina MB2 and Arvina EH2, shows a more stable viscosity 

over a range of temperatures compared to the BBG. Grease-3, while starting at a lower viscosity 

than Grease-4, also shows a sharp decrease but seems to stabilize at a higher temperature. The 

Grease-1 maintains a more consistent viscosity across a wider temperature range. Grease-2 shows 

the lowest initial viscosity and the least change with temperature increase, which could be 

indicative of a thinner grease suited for high-temperature applications. At higher temperatures 

(above 60°C), the viscosities of all greases converge to a narrower range, with BBG showing a 

similar performance to the commercial products. There is some noise in the data, especially 

noticeable in the Grease-2 and Grease-4 plots, which could be due to experimental errors or 

intrinsic properties of the greases causing fluctuations in viscosity.  
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Figure 7-2: Viscosity vs temperature profile of BBG, Arvina MB2 and Arvina EH2 

 

The possible reason for the inconsistency in the viscosity might be because of the following 

reasons. 

(a) Inhomogeneity: If the grease isn't mixed well, it can lead to variations in the thickener 

distribution in different parts of the sample. 

(b) Thermal breakdown or oxidation: At higher temperatures, some components of the 

grease, like the thickener might undergo thermal breakdown or chemical reactions that 

could temporarily increase viscosity before it continues to decrease with further 

temperature rise. 

(c) Evaporation: The base oil may contain light fractions that evaporate at high temperatures, 

leaving behind a more viscous mixture. 

(d) Reversible Changes: Some thickeners in greases can exhibit reversible changes due to 

temperature that affect viscosity. 



 120 

6.3.6 Tack test 

Tack test was conducted to investigate the ability of grease to adhere to surfaces under separation, 

where motion can cause lubricant displacement. Figure 7-3 illustrating the result of tack test of 

different CG as measured by response of separation gap with the applied normal force. The data 

provides a detailed explanation of how each sample responds for tackiness as the gap increases. A 

general trend shows that some samples show a gentle slope indicating a minimum tackiness level, 

suggesting a minimum sticky nature. In comparison other samples exhibits a sharp increase in 

tackiness, representing sharp slopes. These samples show a significant adhesive force in 

comparison, exhibiting more sticky behavior.   

 
Figure 7-3: Tack test result of different commercial greases 

 

The tack test comparison (Figure 7-4) revealed that BBG shows performance levels comparable 

to those of CG. This shows that the formulations effectively meet the desired adhesiveness and 

cohesion requirement.  
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Figure 7-4: Result of tack test of four BBG 

6.3.7 Storage modulus (G')/loss modulus (G'') vs shear stress 

The result of storage modulus (G') and loss modulus (G'') with the increasing shear stress of 

different CG are shown in Figure 7-5. The y-axis represents both G' and G'' while the x-axis 

represents the shear stress. The G' is the elastic portion and G'' is the permanent deformation. 

Different commercial greases show different behavior with the increasing stress. The G' normally 

starts from higher values followed by initial stability and then decreases as the shear stress 

increases depending on the composition of grease. The G'' of all the commercial greases initially 

shows stability and then little increase showing energy dissipation as the stress increases.  
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Figure 7-5: Storage modulus (G')/loss modulus (G'') vs shear stress of different commercial greases 

 

The result of Storage modulus (G') and Loss modulus (G'') trends for BBG are shown in Figure 

7-6. For all greases, G' generally decreases with increasing shear stress. This is expected as the 

grease structure breaks down under shear, it becomes fluid like. The Grease-1 and Grease-3 shows 

an initial upward trend in the G'' and then starts decreasing which is unusual behavior indicate an 

error due to breakdown of the structure. G'' typically stays constant with shear stress initially, 

indicating an increase in energy dissipation as the grease structure starts to yield. After reaching a 

peak, it decreases, suggesting that the grease is flowing more and thus less energy is lost to internal 

friction. Overall, the BBG shows similar behavior of storage and loss modulus against increasing 

shear stress like CG. 
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Figure 7-6: Storage modulus (G')/loss modulus (G'') vs shear stress of bentonite-based greases 

6.3.8 Shear stress vs Shear rate 

The purpose of the shear rate vs shear stress is to investigate the yield stress of lubricating 

substance, which is the minimum force necessary to cause them to start flow. As shown in Figure 

7-7, the greases such as Lithogrease 7000, Lithogrease 2B, and Divinol ECO Grease LC 2 EP 

exhibit higher shear stress at given shear rates, indicating they might be thicker or more resistant 

to flow under stress. Others like Aylisynt 0 EP and Divinol Lithogrease 00 have lower shear stress 

values, possibly indicating a softer or less resistant consistency. 
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Figure 7-7: Flow test (shear stress vs shear rate) test of different commercial grease 

 

The result of shear rate vs shear stress of BBG shown in Figure7-8, shows a similar behavior with 

the CG.  The Arvina Mb2 and Arvina EH2 commercial greases shows higher shear stress with the 

increasing shear rate as compared to BBG which might be because of presence of different 

additives.  
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Figure 7-8: Flow test (shear stress vs shear rate) test of BBG, Arvina MB2 and Arvina EH2 

6.3.9 Viscosity vs Shear rate 

The viscosity profile against shear rate of BBG and CG are shown in Figure 7-9 and 7-10. The 

results shows quite similar behavior of both BBG and CG. Typically, as the shear rate increases, 

the viscosity of the greases decreases, indicating shear-thinning behavior, which is common in 

non-newtonian fluids like greases. Greases such as Lithogrease 7000 and ARVINA MB2 show 

high initial viscosity at low shear rates, which significantly drops as shear rate increases.  
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Figure 7-9: Flow test (Viscosity vs Shear rate) of different commercial greases 

 

 

 

Figure 7-10: Flow test (Viscosity vs Shear rate) profile of BBG, Arvina MB2 and Arvina EH2 
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6.4 Colloidal mill for the production of greases 

After preparation of greases on 100-gram level and obtaining similar properties like commercial 

greases, the aim was to upscale the procedure to 1-kilogram level using colloidal mil machine, for 

marketing purposes. The use of the colloidal mill provided enhanced mixing and homogenization 

capabilities, ensuring the uniform dispersion of the bentonite clay within the base oil and with the 

activator.  

A colloidal mill works by using high speed shearing between a rotating rotor and a stationary stator 

to mix and grind materials. The gap adjuster controls the gap between the rotor and stator to 

regulate the fineness of the mixture. The material is fed into the hopper and enters the narrow gap 

between the rotor and stator and the processed material comes out through the outlet. 

The circulatory tube recirculates the material back to the hopper for further processing, if needed 

(Scheme 7-3).  

A total of 11 experiments were conducted using clay-1 as clay, base oil and activator in the 

standard amount (shown in Table 7-5) The purpose of these trails was to optimize the 

concentration of components and instrumental conditions to achieve best results. The instrumental 

conditions like gap adjustment between the rotor and stator ranging from 0 to 3 cm, speed of rotor 

from 1000 to 4000 rpm, were systematically tested before and after activator addition (Scheme 7-

3). Through these experiments, we were able to adjust the colloidal mill's operating conditions to 

ensure efficient and consistent mixing, leading to a well-dispersed and homogenized grease 

formulation.  
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Scheme 7-3: Schematic representation of preparation of bentonite-based greases using colloidal mill 

 

The details of all 11 formulations i.e., concentrations of components, colloidal mill conditions 

before and after activator addition and their consistencies are shown in the Table 7-5. 

Subsequently, as the instrumental conditions were optimized (FM1-FM6), further experiments 

were conducted to assess the effect of different clay concentrations on the grease's consistency. 

Specifically, attempts were made to produce bentonite-based greases with lower clay content than 

the standard formulation while still achieving NLGI 2 consistency (FM7-FM11, Table 7-5). 

These experiments aimed to find an optimal balance between reducing the amount of clay required, 

which can be cost-effective, and maintaining the desired grease consistency. In all formulations, 

the time was adjusted by the visual observation of the grease thickness. 
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 Formulations (FM) 

Component 1 2 3 4 5 6 7 8 9 10 11 

Base Oil 77.0 85.6 83.2 77.0 77.0 77.0 85.6 83.2 77.0 83.2 80.8 

Clay-1 19.2 12.0 14.0 19.2 19.2 19.2 12.0 14.0 19.2 14.0 16.0 

Before activator addition: 

Parameters  

Speed 2000 3000 4000 4000 4000 4000 4000 4000 3000 3000 3000 

Gap 0 0 0 0 2 3 3 3 3 3 3 

Time 

(mint) 

5 10 10 10 10 10 20 10 10 30 10 

After activator addition: 

Activator 3.8 2.4 2.8 3.8 3.8 3.8 2.4 2.8 3.8 2.8 3.2 

Speed  4000 4800 4000 4000 4000 4000 4000 4000 3000 3000 4000 

Gap  0 0 0 0 2 3 4 3 3 3 0 

Time 

(mint) 

10 10 10 25 5 2-3 10 10 10 15 10 

 

Penetration 317 327 323 297 291 287 353 323 265 331 294 

NLGI 1 1 1 2 2 2 0 1 2 1 2 

 

Table 7-5: Experimental conditions and parameters of different formulations 

 

6.5 Preparation of lithium-based grease and fixing NLGI 2 

The purpose of the preparation of lithium-based grease were to investigate the effect of  Brugger 

test and ball-on-plate tribometer test on the greases. Both tests are normally used for investigating 

the load bearing or extreme pressure (EP) properties of base oil of lubricating substances.  

Brugger test is designed to determine the ability of a lubricant to provide effective lubrication and 

protection against excessive wear and friction under high-load conditions. After completion of the 

test, the scar diameter or wear that develops on the specimen due to the extreme pressure and 
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sliding contact with the rotating steel surface is measured which indicates the lubricant’s load 

carrying capacity or EP capability. The Brugger values below 30 N/mm2 represents light duty 

lubricants, the medium value ranges from 30-50 N/mm2, represents general or industrial lubricants 

and high Brugger values above 50 N/mm2 represents heavy duty or extreme pressure lubricants. 

The final Brugger value is determined by the following equation:  

 

𝐁𝐫𝐮𝐠𝐠𝐞𝐫 𝐯𝐚𝐥𝐮𝐞 =  
4F

πd2     Equation (3) 

 

Where, F = applied force (N) 

d = diameter of the wear scar (mm) 

 

Four different formulations of lithium-based greases (named Bellini lithium greases) were 

formulated based on different concentrations of components as shown in Table 7-6. The 

formulation 4 (FM4) were treated with 5% Sulphurized extreme pressure additive and their 

Brugger’s values were determined. 

 

Component FM1 FM2 FM3 FM4 FM4+ (S-

EP) 

Base oil (wt. %) 83.7 87 80.4 79.8 80.4 

12-HAS (wt. %) 9 7.2 10.8 10.8 10.8 

Azelaic acid (wt. %) 3.1 2.5 3.7 3.7 3.7 

LiOH (wt. %) 4.2 3.3 5.1 5.7 5.7 

Sulphurized EP additive (S-EP) (%)     5.0 

 

Penetration 309 380 315 284  

NLGI 1 0 1 2  

Brugger (N/mm2) 27.5 28.6 26.6 23.7 63.6 

 

Table 7-6: Formulation of lithium-based greases using different concentration of components, 

addition of Sulphurized EP additive and their NLGI and Brugger values 

 

Ball on plate tribometer tests is a type of tribological test commonly used to access the friction, 

wear and extreme pressure characteristics of lubricating materials. In these tests a spherical ball is 

brought into contact with a flat plate, simulating the sliding contact between two surfaces typically 



 131 

under controlled conditions of force, speed, and temperature as shown in Figure 7-11. In our 

experiments, the samples were checked under specified condition including steel plate, test run of 

1 hour, an applied force of 23 N, rotation of 200 and 500 rpm and a temperature of 75 C.   

 

Figure 7-11: Schematic representation of Ball on plate tribometer tests 

 

Three formulations of Bellini lithium greases i.e., grease with NLGI 0, NLGI 2 and NLGI 2 with 

5% (S-EP) additive and 1 commercial grease (Divinol Lithogrease 7000) were selected  to 

investigate their COF and scar diameter. Table 7-7 represents the result of tribometer test of each 

sample on two rotation speeds (200, 500 rpm), their coefficient of friction values and scar 

diameters. The scar diameter was analyzed using optical microscope (Figure 7-12). 

Sample rpm COF Scar diameter (μm) 

Bellini Lithium grease NLGI 2 200 0.114 590 

Bellini Lithium grease NLGI 2 500 0.098 508 

Bellini Lithium grease NLGI 2 + 5% (S-EP) additive 200 0.138 642 

Bellini Lithium grease NLGI 2 + 5% (S-EP) additive 500 0.135 864 

Bellini Lithium grease NLGI 0 200 0.128 2018 

Bellini Lithium grease NLGI 0 500 0.175 2948 

Divinol Lithogrease 7000 200 0.124 298 

Divinol Lithogrease 7000 500 0.105 354 
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Table 7-7: Results of ball on plate tribometer test of different grease samples, using two rotation 

speeds (200, 500 rpm), values of coefficient of friction and scare diameter after test 

 

From the Brugger test results it was determined that the (S-EP) additive effectively enahance the 

extreme pressure and load bearing properties of greases. It was expected that (S-EP) will also decrease the 

COF and scare diameter in tribometer test as compared to the samples witout (S-EP) additive. The observed 

result was opposite and revealed that the limitations of tribometer test for greases samples, because the 

tribometer test is used for base oil characterizations. Furthermore, other possibilities can be the 

concentration and nature of additive or the operational conditions. The possible suggestions to overcome 

this problem is to use varying additive concentrations and microstructure analysis of greases before and 

after testing to observe grease degradation. 

 

 
 

Figure 7-12: Images of scar diameters of (a) Bellini Lithium grease NLGI 2 (200 rpm), (b) Bellini 

Lithium grease NLGI 2 (500 rpm), (c) Bellini Lithium grease NLGI 2 + 5% (S-EP) additive (200 

rpm), (d) Bellini Lithium grease NLGI 2 + 5% (S-EP) additive (500 rpm), (e) Bellini Lithium grease 

NLGI 0 (200 rpm), (f) Bellini Lithium grease NLGI 0 (500 rpm), (g) Divinol Lithogrease 7000 (200 

rpm), and (h) Divinol Lithogrease 7000 (500 rpm) 
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6.6 Conclusion 

In this study, biodegradable bentonite-based grease (BBG) formulations, as a sustainable 

alternative to traditional lithium-based greases are presented. The reaction parameters and 

concentration of components were optimized to formulate greases with consistency of NLGI 2. 

The rheological study demonstrates that BBG shows comparable properties to CG. Viscoelastic 

characteristics and adhesive properties of BBG strongly matched with commercially greases. The 

shear stress vs shear rate and viscosity vs shear rate profile indicated analogous properties of BBG 

and CG.  

Furthermore, the lithium-based grease was also formulated, and their extreme pressure and load 

bearing properties were investigated by Brugger and tribometer tests. The Brugger and tribometer 

tests were found unsuitable for analyzing extreme pressure (EP) properties of greases and can only 

be used for analyzing lubricating base oils.  

The scalability of BBG production using a colloidal mill, and optimization of parameters was also 

successfully demonstrated with lower clay amount than the standard amount, to be more 

economical. This work is performed in a lubricants expert company (Bellini S.P.A), from starting 

point till the scalability, but the incorporation of suitable additives to enhance oxidation stability, 

lifetime and load bearing properties are still in progress. 
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Conclusion and future perspective 

As the world population becomes more environmentally conscious, there has been a lot of investment 

in the research for the development of new technologies that could enhance productivity while 

decreasing the amount of raw material and energy needed during the process. Among many types of 

technologies developed in the last decade, Kolbe electrolysis, one of the prominent electrochemical 

technologies, has gained a lot of attention due to its efficiency, sustainability, and ability to produce 

valuable products like green fuels and chemicals from bio-based feedstocks. 

In the start, Kolbe electrolysis was utilized for producing small quantities of hydrocarbons at 

laboratorial scales. However, with further advancements in electrochemical technologies and 

optimization of processes, its applications are level upped in various industrial sectors, especially for 

the production of renewable fuels and chemicals. Moreover, thanks to scientific research, Kolbe 

electrolysis has been integrated with other renewable energy systems, such as solar and wind-powered 

energy setups, enhancing its efficiency and sustainability. This is especially valuable for green 

chemistry applications, where sustainable processes are essential for minimizing environmental 

concerns. In order to keep with the advances of Kolbe electrolysis, its application on complex systems 

also needed to be developed. Particular focus needs to be placed on utilization of animal fats, 

vegetable oils and bio-waste, as most of the research until now is concentrated on single fatty acids 

system. This side required significant advancements in understanding the reaction mechanisms, 

optimization of parameters like temperature, current density, and electrolyte composition, and 

addressing difficulties associated with handling multi-component systems.  

Coconut oil as a substrate due to its diverse composition of fatty acids, including medium-chain and 

long-chain fatty acids with both saturated and unsaturated types make it an ideal candidate for 

demonstrating the utility of Kolbe electrolysis on complex systems. Similarly, utilization of Kolbe 

electrolysis on palm oil with two long chain saturated and unsaturated fatty acids can pave the way 

for future applications in the efficient conversion of complex renewable substrates.  

The work starts with an in-depth exploration of Kolbe electrolysis applied to both single (lauric acid 

and palmitic acids) and mixture of two fatty acids. In different electrodes usage, the non-commercial 

platinum electrodes give good conversion rate, while other two electrodes i.e., commercial Pt-coated 

copper and Au-coated copper electrodes shows surface corrosion after (< 30 h) of usage. The study 



 135 

also shows that Pt-coated copper electrode and Au-coated copper electrodes with a layer thickness of 

400-600 µm might not be useful for electrosynthesis experiments using high current intensities. In 

comparison of the effect of different solvent environments on the Kolbe electrolysis of mixture of 

two fatty acids, the MeOH:EtOH:H2O (16.67:16.67:66.67%) system gives highest total hydrocarbons 

yield of 62.7%, with nearly fully dissociation of substrate acids.   

Prior to Kolbe electrolysis, the saponification reaction of coconut and palm oil can convert all the 

triglycerides into  fatty acids by using 11% w/v of KOH and refluxing at 600 rpm and 110 oC for 1.5-

2 hours, which is cheap and easy handling technique as compared to other technologies. On the 

electrolysis of mixture of fatty acids, different solvent environments were applied and the best result 

in terms of hydrocarbon production was observed in MeOH:EtOH:water (41.66 :41.66 :16.67%) 

system, with 73.55 % and 73.25 %, for fatty acids mixtures derived from coconut and palm oil, 

respectively. Although, the number and percentage of fatty acids were different in both oils, and hence 

solubility was also different, but the hydrocarbon yield was nearly same. These results strengthen the 

statement of the literature that the solubility of carboxylate anions does not significantly impact 

hydrocarbon yields in Kolbe electrolysis,  and water-insoluble long-chain fatty acid salts (like C16 

and C18:1), can also lead to the substantial hydrocarbon production. 

The study further confirmed the application of electrolysis technique for the production of biodiesel 

(FAME) from coconut oil. The results concluded that electrolysis technique can yield 96.5 % of 

biodiesel using cheap conditions like MeOH/oil of 6:1 and 1 wt.% of KOH, as compared to 

conventional transesterification technique with same experimental conditions. The coconut oil and 

their synthesized FAME was also used base oil to investigate their lubricating properties. However, 

the rheometer analysis proved that coconut oil containing triglyceride structure shows more superior 

performance in term of high viscosity, adhesive force and high shear stress. 

The study also explores the formulation of fully green and biodegradable bentonite-based greases as 

an alternative to lithium-based greases, which are widely used but not very environment friendly. The 

formulation and experimental parameters such as concentrations of components, temperature and 

time of experiments were all optimized after series of experiments, to obtained the greases of required 

consistency. By making comparison of formulated bentonite-based greases with commercial greases, 

the results concluded that bentonite-based grease shows very similar and sometimes improved 

performance then the commercial greases. The viscoelastic characteristics and adhesive properties of 

bentonite-based greases strongly matched with commercially greases. The shear stress vs shear rate 

and viscosity vs shear rate profile indicated analogous properties with commercial properties. The 
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optimization of instrumental conditions of colloidal mill demonstrate that grease production can be 

scaled up from 1 kilogram to 10 kilogram for marketing.   

Overall, this research underscores the importance of integrating sustainable practices into industrial 

processes. It highlights the potential for biodegradable hydrocarbons and biodegradable lubricants to 

replace their petroleum-based counterparts. The findings provide a foundation for further 

development and optimization of bio-based hydrocarbons, paving the way for more sustainable 

industrial practices in the future. Despite the progress made, future work should concentrate on further 

improvement of electrode materials designed for the complex fatty acid mixtures, process parameter 

optimization, and techniques to increase yield and selectivity. This process needs to be further 

explored to see how scalable it is, especially in integrating mixed and industrial grade feedstocks, in 

order to make Kolbe electrolysis a realistic, sustainable fuel production process. 
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